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Heat shock protein 90 (HSP90) is an abundant molecular chaperone that regulates
the functional stability of client oncoproteins, such as STAT3, Raf-1 and Akt, which play a
role in the survival of malignant cells. The chaperone function of HSP90 is driven by the
binding and hydrolysis of ATP. The geldanamycin analog, 17-AAG, binds to the ATP pocket
of HSP90 leading to the degradation of client proteins. However, treatment with 17-AAG
results in the elevation of the levels of antiapoptotic proteins HSP70 and HSP27, which may
lead to cell death resistance. The increase in HSP70 and HSP27 protein levels is due to the
activation of the transcription factor HSF-1 binding to the promoter region of HSP70 and
HSP27 genes. HSF-1 binding subsequently promotes HSP70 and HSP27 gene expression.
Based on this, I hypothesized that inhibition of transcription/translation of HSP or client
proteins would enhance 17-AAG-mediated cytotoxicity. Multiple myeloma (MM) cell lines
MM.1S, RPMI-8226, and U266 were used as a model. To test this hypothesis, two different
strategies were used.
For the first approach, a transcription inhibitor was combined with 17-AAG. The
established transcription inhibitor Actinomycin D (Act D), used in the clinic, intercalates into
DNA and blocks RNA elongation. Stress inducible (HSP90α, HSP70 and HSP27) and
constitutive (HSP90β and HSC70) mRNA and protein levels were measured using real time
RT-PCR and immunoblot assays. Treatment with 0.5 µM 17-AAG for 8 hours resulted in the
induction of all HSP transcript and protein levels in the MM cell lines. This induction of HSP
mRNA levels was diminished by 0.05 µg/mL Act D for 12 hours in the combination
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treatment, except for HSP70. At the protein level, Act D abrogated the 17-AAG-mediated
induction of all HSP expression levels, including HSP70. Cytotoxic evaluation (Annexin V/7AAD assay) of Act D in combination with 17-AAG suggested additive or more than additive
interactions.
For the second strategy, an agent that affected bioenergy production in addition to
targeting transcription and translation was used. Since ATP is necessary for the proper
folding and maturation of client proteins by HSP90, ATP depletion should lead to a
decrease in client protein levels. The transcription and translation inhibitor 8-ChloroAdenosine (8-Cl-Ado), currently in clinical trials, is metabolized into its cytotoxic form 8-ClATP causing a parallel decrease of the cellular ATP pool. Treatment with 0.5 µM 17-AAG
for 8 hours resulted in the induction of all HSP transcript and protein levels in the three MM
cell lines evaluated. In the combination treatment, 10 µM 8-Cl-Ado for 20 hours did not
abrogate the induction of HSP mRNA or protein levels. Since cellular bioenergy is
necessary for the stabilization of oncoproteins by HSP90, immunoblot assays analyzing for
expression levels of client proteins such as STAT3, Raf-1, and Akt were performed.
Immunoblot assays detecting for the phosphorylation status of the translation repressor 4EBP1, whose activity is modulated by upstream kinases sensitive to changes in ATP levels,
were also performed. The hypophosphorylated state of 4E-BP1 leads to translation
repression. Data indicated that treatment with 17-AAG alone resulted in a minor (<10%)
change in STAT3, Raf-1, and Akt protein levels, while no change was observed for 4E-BP1.
The combination treatment resulted in more than 50% decrease of the client protein levels
and hypophosphorylation of 4E-BP1 in all MM cell lines. Treatment with 8-Cl-Ado alone
resulted in less than 30% decrease in client protein levels as well as a decrease in 4E-BP1
phosphorylation. Cytotoxic evaluation of 8-Cl-Ado in combination with 17-AAG resulted in
more than additive cytotoxicity when drugs were combined in a sequential manner.
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In summary, these data suggest that the mechanism-based combination of agents
that target transcription, translation, or decrease cellular bioenergy with 17-AAG results in
increase cytotoxicity when compared to the single agents. Such combination strategies may
be applied in the clinic since these drugs are established chemotherapeutic agents or
currently in clinical trials.
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CHAPTER 1: Introduction

Molecular chaperones
The protein-saturated environment of the cell (approximately 350 g/L) provides a
challenging setting for newly synthesized polypeptides to assemble into functional products
(Hartl and Hayer-Hartl 2009). Mutations and post-translational events can also give rise to
misfolded proteins resulting in toxic intracellular aggregates (Goldberg 2003). A group of
specialized proteins, called molecular chaperones, function to assemble polypeptides into
proteins, rearrange misfolded proteins or disassemble protein complexes (Hartl and HayerHartl 2002; Hartl and Hayer-Hartl 2009). This set of particular chaperones constitute ~510% of the total cellular proteins (Biamonte, Van de Water et al. 2010). The term molecular
chaperones was coined in the late 1970s to describe the catalytic role of the nuclear protein
nucleoplasmin in the in vitro formation of nucleosomes (Laskey, Honda et al. 1978). They
were first defined as a group of unrelated proteins that provide transient assistance in
protein folding through non-covalent interactions. Molecular chaperones prevent incorrect
polypeptide associations but without actually being a component of the final threedimensional functional protein (Ellis 1993). However, contrary to the accepted notion that
protein self-assembly is a spontaneous process that does not require additional molecules,
it is now known that most cellular proteins require molecular chaperones for proper folding
(Anfinsen 1973; Hartl and Hayer-Hartl 2002). It was later determined that molecular
chaperones not only aid in the folding and assembly of unstable proteins but also play a
role in protein transport and degradation (Hartl 1996).

1

Heat shock proteins
In 1962, Ritossa described chromosomal puffing in Drosophila melanogaster
salivary glands following heat exposure, thus discovering the heat shock response (Ritossa
1996). Later work revealed that exogenous stress, such as increased temperature, induces
the expression of only certain specific proteins, while translation of other proteins remains
inhibited. This group of induced proteins was subsequently referred to as heat shock
proteins (Tissieres, Mitchell et al. 1974). While it was accepted that heat shock proteins
protected the cell from stress, the mechanism by which this occurred remained elusive
(Ellis 1993). In 1986, Pelham proposed that heat shock proteins could be implicated in
protein folding and assembly processes in unstressed as well as stressed cells (Pelham
1986). It has now been established that the heat shock protein family is a group of
constitutive and stress-inducible related proteins that act as molecular chaperones assisting
in protein folding and stabilization (Hartl and Hayer-Hartl 2002). The heat shock protein
family is highly conserved in eukaryotes and prokaryotes. In humans, the heat shock
protein (HSP) family is comprised of five subfamilies: HSP100, HSP90, HSP70, HSP60,
and the small HSP family (e.g. HSP27) (Table 1) (Kampinga, Hageman et al. 2009).

2

Table 1. Heat shock protein family
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Table 1

Family

Main chaperones
in humans

Location

Functions

HSP100

HSP110

Cytosol

Disassembles aggregates

HSP90α
HSP90β
GRP94
TRAP-1

Cytosol
Cytosol
ER
Mitochondria

Refolds denatured proteins;
antiapoptotic

HSP70
HSC70
GRP78
mtHSP70

Cytosol
Cytosol
ER
Mitochondria

Folding of nascent
polypeptides; protein
transportation; antiapoptotic

HSP60

Mitochondria

Regulates protein folding and
import

HSP40

Cytosol

HSP27

Cytosol

HSP90

HSP70

HSP60

small HSPs

4

Cochaperone activity
Stabilizes cytoskeleton;
antiapoptotic

Human heat shock protein subfamilies

HSP100 family
The HSP100 family is composed of four members; three of the isoforms reside in
the cytosol and the fourth member is localized in the endoplasmic reticulum (Kampinga,
Hageman et al. 2009). To date an HSP100 mitochondrial homologue has not been found in
humans (Tatsuta 2009). This family possesses ATPase activity and represses the formation
of aggregates prompted by denatured proteins (Maurizi and Xia 2004). Additionally, if
aggregation occurs due to the inability of the heat shock proteins to handle an
overwhelming amount of denatured proteins, HSP100 family proteins have the ability to
facilitate the resolubilization of aggregates (Glover and Tkach 2001). The HSP100 family is
highly homologous to HSP70 chaperones, and a longer middle domain linker between the
N- and C-terminal domains distinguishes HSP100 from the latter (Polier, Dragovic et al.
2008; Kampinga, Hageman et al. 2009). Recent research suggests that HSP100 proteins
can also act as ATP/ADP exchange factors and cooperate in protein folding in concert with
HSP70 (Dragovic, Broadley et al. 2006; Polier, Dragovic et al. 2008).

HSP70 family
The HSP70 family is comprised of four homologues. There are two HSP70 isoforms
in the cellular cytosol, the stress-inducible HSP70 and the constitutive HSC70. The
cytosolic isoforms assist and facilitate the folding of newly synthesized polypetides and
prevent and disassemble protein aggregates (Hartl 1996; Hartl and Hayer-Hartl 2002). The
chaperone activity of HSP70 and HSC70 is accomplished in an ATP-dependent manner
(Hartl 1996; Dragovic, Broadley et al. 2006; Polier, Dragovic et al. 2008). In addition,
HSP70 and HSC70 are important members of the cochaperone protein complex that
modulate HSP90 activity (Pratt and Toft 2003).
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The other two members of the HSP70 family are restricted to the endoplasmic
reticulum and the mitochondria. Proper folding, assembly, and post-translational
modifications of proteins occur in the endoplasmic reticulum. The endoplasmic reticulum
HSP70 isoform, glucose-regulated protein 78 (GRP78/Bip), maintains homeostasis of
protein assembly in this cellular structure with the assistance of other quality-control factors
(Sitia and Braakman 2003). Aggregated proteins in the endoplasmic reticulum perturb
protein quality control triggering the unfolded protein stress response (UPR) resulting in the
synthesis of GRP78/Bip (Kim, Emi et al. 2006). Mitochondrial HSP70 chaperone
(mtHSP70) is contained in the mitochondrial matrix and is required for the folding and
translocation of nascent proteins (Hartl 1996; Tatsuta 2009). The ATPase activity of
mtHSP70 chaperone allows it to bind, fold, and release a newly synthesized or partially
folded protein.

HSP60 family
The molecular chaperones in this family are also referred as chaperonins. HSP60
protein is localized to the mitochondria although small levels of this chaperone have been
detected outside this compartment in some tissue-specific cells (Samali, Cai et al. 1999;
Tatsuta 2009). HSP60 forms large hetero-oligomeric complexes (approximately 800 kDa)
with the cochaperone HSP10, promoting maturation of partially folded polypeptides and
preventing protein aggregation (Kampinga, Hageman et al. 2009; Tatsuta 2009). The
assembly and proper folding of proteins takes place inside the cage-like HSP60•HSP10
complex and is carried out in an ATP-dependent manner (Hartl 1996; Hartl and Hayer-Hartl
2009).
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Small heat shock protein family
This subfamily is composed of heat shock proteins of low molecular weight (12-48
KDa in their monomeric form). HSP40 is a cochaperone that stimulates ATPase activity of
HSP70 and facilitates the binding of nascent or denatured polypeptides (Qiu, Shao et al.
2006). HSP40 has a critical role in binding and uploading the client proteins onto HSP90 for
their proper folding in the chaperone cycle (Pratt and Toft 2003). HSP27 is a heat shock
protein that protects the cell from protein aggregates in an ATP-independent manner
(Ehrnsperger, Graber et al. 1997). HSP27 can form homo-oligomers of up to 1000 KDa.
Careful biochemical studies elucidated that the HSP27 oligomeric complex possesses
chaperone capabilities (Shashidharamurthy, Koteiche et al. 2005). HSP27 in the multimer
complex can be phosphorylated at different serine residues by MAPKAP kinase-2 and -3,
which are serine/threonine protein kinases activated in response to stress, resulting in the
formation of dimeric HSP27 (Rouse, Cohen et al. 1994; Vertii, Hakim et al. 2006).
Therefore, the dephosphorylation of dimeric HSP27 subunits triggers the formation of the
large homo-oligomer (Vertii, Hakim et al. 2006). Aside from the chaperone properties of
HSP27 in its oligomeric form, the dimeric subunits play a role in the integrity of the
cytoskeleton. HSP27 can inhibit the polymerization of actin by acting as a capping protein
(Landry and Huot 1995; Mounier and Arrigo 2002). Another heat-inducible small heat shock
protein of importance is αB-crystallin. Similar to HSP27, αB-crystallin plays an essential role
in maintaining the integrity of the cytoskeleton and its phosphorylation state is regulated by
MAPK AP kinase-2 (Liang and MacRae 1997; Mounier and Arrigo 2002).

HSP90 family
The mammalian HSP90 family consists of four homologues that reside in different
compartments of the cell. The glucose-regulated protein 94 (GRP-94) and the tumor
necrosis factor receptor-associated protein 1 (TRAP-1) are localized in the endoplasmic
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reticulum (ER) and mitochondria, respectively. GRP94 is an ATP-dependent molecule that
chaperones only a few known substrates without the assistance of cochaperones
(Ostrovsky, Makarewich et al. 2009). This abundant endoplasmic reticulum chaperone is
upregulated due to drop in glucose levels, hypoxia, or the homeostatic disruption of the
calcium stores in the cell. GRP94 maintains ER-protein homeostasis making it a central
player in the ER-associated degradation pathway that is part of the unfolded protein
response (UPR) (Kim, Emi et al. 2006; Ostrovsky, Ahmed et al. 2009).
The two isoforms that reside in the cytosol are the inducible HSP90 alpha and the
constitutive HSP90 beta. The cytosolic HSP90α/β is the most abundant chaperone in the
cell. Constitutively, it accounts for approximately 1-2% of the cytosolic proteins. An increase
in the levels of this chaperone is further observed when the cell is subjected to physiological
stress (including hypoxia, heat, and heavy metals) (Whitesell and Lindquist 2005).

HSP90 and cancer
HSP90 is essential in the stabilization and functional conformation of stressdenatured client oncoproteins, however, it is not required for the folding of most nascent
polypeptides (Nathan, Vos et al. 1997). HSP90 is known to regulate over 200 proteins,
including kinases and cell cycle regulators (updated list of HSP90 client proteins and
interactors by Dr. Picard, http://www.picard.ch/downloads/HSP90interactors.pdf). In cancer
cells, HSP90 constitutes 4-6% of the total protein found in the cell (Kamal, Thao et al. 2003;
Brandt and Blagg 2009). The buffering effects of HSP90 in malignant cells allow the cells to
withstand and thrive in the highly deregulated and otherwise cytotoxic tumor environment.
For example, a protein can become misfolded due to oxidative damage caused by reactive
oxygen species (ROS) to the ligand binding clefts, which are hydrophobic openings that
allow the binding of substrates such as heme or ATP in the interior of the protein (Pratt,
Morishima et al. 2010). Due to the dynamic state of these clefts, hydrophobic aminoacid
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residues buried inside the protein become exposed facilitating their oxidation by ROS
species resulting in further opening of the cleft which may result in protein unfolding
(Shchepinov 2007; Pratt, Morishima et al. 2008; Pratt, Morishima et al. 2010). Therefore,
ligand binding clefts are sites of conformational instability that are regulated by HSP90 in
order to prevent further unfolding and maintain protein function (Pratt, Morishima et al.
2008; Pratt, Morishima et al. 2010). Since HSP90 is an indispensable chaperone in the
maturation of denatured client oncoproteins, it is an attractive therapeutic target. Inhibition
of its re-folding activity would result in the simultaneous downregulation of signaling
cascades.

Due to the importance of HSP90 in the function of oncoproteins and the

progression of cancer, several small molecule inhibitors have been developed (Sharp and
Workman 2006; Biamonte, Van de Water et al. 2010).

HSP90 overexpression and non-oncogene addiction
Oncogene addiction is characterized by the dependence that tumor cells develop on
some genes capable of transformation and maintenance of the malignant phenotype
(Weinstein and Joe 2008). In contrast, non-oncogene addiction is defined as the
dependence that tumor cells develop for some non-oncoproteins (such as HSP90) for their
ability to help tumor cells in adapting and thriving in a highly deregulated tumorigenic
environment (Luo, Solimini et al. 2009). Overexpression of HSP90 does not drive
transformation of cells; rather its deregulated expression complements the transformed
phenotype. The ability of HSP90 to bind to denatured proteins and aid their refolding allows
this chaperone to buffer the highly deregulated signaling cascades that drive oncogenesis
in tumor cells (Bagatell and Whitesell 2004). Therefore, HSP90 is of particular importance
in the maintenance of the tumorigenic phenotype. A review by Hanahan and Weinberg
described the six hallmarks of cancer (evasion of apoptosis, insensitivity to antigrowth
signals, limitless replicative potential, tissue invasion and metastasis, sustained
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angiogenesis, self-sufficiency in growth signals), featuring specific alterations acquired by
malignant cells and examples of oncoproteins that drove and sustained cellular
transformation (Hanahan and Weinberg 2000). Interestingly, these traits are driven by
several HSP90 client oncoproteins, hence, HSP90 chaperones the oncoproteins that
characterize the malignant phenotype (Sharp and Workman 2006; Neckers 2007).

HSP90 chaperone cycle
HSP90 chaperone activity is an ATP-dependent process (Prodromou, Roe et al.
1997; Obermann, Sondermann et al. 1998; Wandinger, Richter et al. 2008). A denatured
client protein is recognized by cochaperones HSP70 and HSP40 priming it in preparation
for loading onto HSP90 (Figure 1) (Pratt and Toft 2003). Transfer of the client protein to
HSP90 is facilitated by the cochaperone HSP90/HSP70 organizing protein (HOP) (Smith,
Sullivan et al. 1993; Onuoha, Coulstock et al. 2008). Once the unfolded client interacts with
HSP90, ATP binds to the ATP binding pocket in HSP90 and subsequent cochaperones
bind to the client•HSP90 complex, facilitating its stabilization. For example, if the client
protein is a glucocorticoid receptor, cochaperones include p23, immunophillins (IMM), and
CyP40 (Pratt and Toft 2003; Whitesell and Lindquist 2005). If the client substrate is a
kinase, a different set of cochaperones, such as cdc37, interact with HSP90 (Roe, Ali et al.
2004). Once the mature complex is assembled, a change in HSP90 conformation triggers
ATP hydrolysis catalyzing the maturation of the client protein (Whitesell and Lindquist 2005;
Biamonte, Van de Water et al. 2010). Once in the proper folded state, the client protein is
functional and able to interact with ligands, in the case of glucocorticoid receptors, or
phosphorylate a substrate, in the case of kinases. Interaction of the client protein with its
ligand or phosphorylation of its substrate triggers the dissociation of the HSP90 complex
(Whitesell and Lindquist 2005; Wandinger, Richter et al. 2008). Due to the significance of
proper HSP90 chaperone function in oncoprotein stability, several small molecules have
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Figure 1. HSP90 chaperone cycle
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been synthesized to down-regulate numerous signaling cascades simultaneously (Sharp
and Workman 2006; Kim, Alarcon et al. 2009; Biamonte, Van de Water et al. 2010) .

HSP90 inhibition
Given the importance of the HSP90 chaperone cycle in the stability of oncoproteins,
several inhibitors of HSP90 have been identified including natural products. Two examples
are the ansamycins geldanamycin and herbimycin A. These two ansamycins are produced
by the strain Streptomyces and it was discovered that they possessed antibiotic activity
more than thirty years ago (DeBoer, Meulman et al. 1970; Omura, Iwai et al. 1979).
Originally, geldanamycin and hebimycin A were thought to be Src kinase inhibitors (Uehara,
Hori et al. 1985; Uehara, Hori et al. 1986). Even though several studies demonstrated that
this was an erroneous observation, it was later determined that these agents affect protein
turnover of Src and other kinases. Still, the mechanism of action by which these two drugs
acted remained elusive (Takahashi, Suzuki et al. 1992; Whitesell, Shifrin et al. 1992; Miller,
DiOrio et al. 1994). In 1994, Whitesell et. al. described a mechanism reconciling these
observations by discovering HSP90 as a modulator of substrate activity (Whitesell,
Mimnaugh et al. 1994).
HSP90 belongs to the GHKL (Bacterial Gyrase, HSP90, Histidine Kinase, and MutL
Kinase) family of ATPases (Dutta and Inouye 2000). The N-terminal ATP/ADP-binding
pocket contains an unusual adenine-nucleotide-binding motif known as the Bergerat fold
(Prodromou, Roe et al. 1997; Dutta and Inouye 2000). Interestingly, the ATP-pocket in
other kinases or even HSP70 has no resemblance to the Bergerat pocket in HSP90.
Geldanamycin inhibits the chaperone function of HSP90 by mimicking ATP and occupying
its place in the N-terminal ATP-ADP-binding pocket (Prodromou, Roe et al. 1997). Hence,
geldanamycin is a competitor of endogenous ATP binding. Since ATP binding to HSP90 is
necessary for refolding and stabilization of client proteins, binding of geldanamycin hinders
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the chaperone activities of HSP90 (Prodromou, Roe et al. 1997; Neckers and Neckers
2002). As a result, HSP90 client substrates are not properly folded or stabilized. Since the
aggregation of unfolded proteins is deleterious in cells, the client oncoproteins are tagged
with ubiquitin and destined for proteasomal degradation (Neckers and Neckers 2002).
Due to the special characteristics and properties of HSP90, several small molecule
inhibitors that compete for the ATP pocket in this chaperone have been developed. The
pursuit for improved HSP90 inhibitors was prompted by the unacceptable hepatotoxicity
and poor solubility exhibited by the first HSP90 inhibitors (Supko, Hickman et al. 1995).
Geldanamycin derivatives, 17-allylamino-17-geldanamycin (17-AAG), its hydroquinone form
(IPI-504), and also fully synthetic inhibitors (such as the purine scaffold BIIB021) are such
examples (Kim, Alarcon et al. 2009; Biamonte, Van de Water et al. 2010).

17-AAG
Although geldanamycin, the first HSP90 inhibitor, did not enter clinical trials due to its lack
of solubility and unwanted side effects, it provided a proof-of-principal for HSP90 inhibition
(Supko, Hickman et al. 1995). Geldanamcyin contained potent anticancer activity however
its severe liver toxicity and unstable reactivity prompted the development of still potent but
more stable and safer derivatives such as 17-AAG (Schnur, Corman et al. 1995; Supko,
Hickman et al. 1995; Solit, Zheng et al. 2002). 17-AAG, is a semisynthetic ATP competitive
inhibitor of HSP90 (Figure 2) (Schnur, Corman et al. 1995). Similarly to geldanamycin, 17AAG binds to the ATP pocket in HSP90. It mimics the C-shape conformation that the
endogenous substrates ATP/ADP adopt in the Bergerat ATP-binding fold (Prodromou, Roe
et al. 1997). Binding of 17-AAG to the ATP pocket in HSP90 results in an immature
HSP90•client complex (Figure 3). Hence, the HSP90 inhibitor interrupts the maturation and
proper folding of the client protein by HSP90 leading to the proteasomal degradation of the
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Figure 2. Structure of 17-(Allylamino)-17-geldanamycin
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Figure 3. Inhibition of HSP90 chaperone function by 17-AAG
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Lindquist 2005). In vitro and in vivo studies showed the antitumor activity comes from the
ability of 17-AAG to lead to degradation of several client proteins (Schnur, Corman et al.
1995; Schulte and Neckers 1998; Solit, Zheng et al. 2002). Promising preclinical data with
17-AAG prompted the first clinical trial in 1999, making it the first HSP90 inhibitor in phase I
trials (Biamonte, Van de Water et al. 2010). However, binding of 17-AAG or any other
HSP90 inhibitor, to the ATP pocket of the chaperone elicits a stress response resulting in
the transcription and translation of heat shock proteins (Bagatell, Paine-Murrieta et al.
2000). Importantly, some studies have elucidated some of the heat shock proteins, such as
HSP90, HSP70, and HSP27 possess antiapoptotic properties (Beere, Wolf et al. 2000;
Pandey, Farber et al. 2000; Pandey, Saleh et al. 2000). Clinical trial pharmacodynamic
studies with 17-AAG confirmed a similar depletion of client proteins and sustained elevation
of HSP70 protein levels (Banerji, O'Donnell et al. 2005).

Heat shock factor-1 and heat shock protein stress-regulated response
Heat Shock Factor-1 (HSF-1) is a transcription activator of all heat shock protein
genes (Voellmy 1994). Under basal physiological conditions, HSP90 and other
cochaperones that are part of the repressing complex, such as p23 and the immunophilin
CyP40, are bound to the transcription factor HSF-1, regulating its activation (Zou, Guo et al.
1998; Freeman, Borrelli et al. 1999; Guo, Guettouche et al. 2001). Other heat shock factor
members that have been identified in humans are HSF-2 and HSF-4 (He, Soncin et al.
2003). HSF-4 is not known to be involved in the heat shock stress response, however HSF2 can trigger heat shock protein transcription in response to cellular stress other than heat
(He, Soncin et al. 2003; Trinklein, Chen et al. 2004). For example, the HSF-2 isoform HSF2A, cooperates with HSF-1 in heat shock protein gene transcription (He, Soncin et al.
2003). The presence of stress inducers in the cell triggers the release of HSF-1 from its
constitutive repressing complex triggering transcription of the heat shock proteins. Common
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stress inducers include heat, reactive oxygen species, nutrient deprivation, hypoxia, low pH,
infection, small molecules and aggregated, denatured, and damaged proteins (Ananthan,
Goldberg et al. 1986; Zaarur, Gabai et al. 2006). Studies have also reported that tumor cells
can circumvent the requirement of a stress trigger to activate HSF-1 under non-stress
conditions (Khaleque, Bharti et al. 2005; Ciocca, Gago et al. 2006).

Of particular

significance, in healthy non-stressed cells, HSF-1 is inactive and does not participate in
basal heat shock protein transcription to a noticeable extent (Kingston, Schuetz et al. 1987;
Hensold, Hunt et al. 1990). Once released, HSF-1 undergoes trimerization and
phosphorylation resulting in the active conformation of the HSF-1 trimeric complex (Figure
4) (Wu 1995; Cotto, Kline et al. 1996). The tyrosine kinases caseine kinase 2 and polo-like
kinase 1 phosphorylate the HSF-1 activation site residues threonine 142 and serine 419,
respectively (Soncin, Zhang et al. 2003; Kim, Yoon et al. 2005). Once activated the HSF-1
trimer translocates to the nucleus where it binds the heat shock elements present in the
promoter of the heat shock protein genes. Binding of HSF-1 triggers multiple rounds of heat
shock protein transcription resulting in an overexpression of heat shock proteins in the cell
(Baler, Dahl et al. 1993).

Figure 4. Heat shock proteins transcription induction by HSF-1 transcription factor
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Figure 4
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Antiapoptotic heat shock proteins
Certain heat shock proteins play a role in hindering the apoptotic process.
Investigations in this area have explained the responsible protective mechanisms by which
heat shock proteins can confer cell survival (Figure 5). For example, HSP90 binds to Apaf-1
protein blocking its oligomerization with cytochrome c and procaspase-9, thus inhibiting the
formation of the apoptosome, cleavage of procaspase-9 and downstream activation of
procaspase-3 (Pandey, Saleh et al. 2000).
Investigations of the prosurvival functions of HSP70 have demonstrated that it negatively
regulates apoptosis by inhibiting caspase-dependent and caspase-independent apoptotic
pathways. Inducible HSP70 knockout studies in cells demonstrate that the abrogation of
this protein can sensitize the cells to a variety of cytotoxic insults inducing apoptosis
(Schmitt, Parcellier et al. 2003). In accordance to this finding, an augmentation of HSP70
levels in the cell blocks the apoptotic pathway c-Jun N-terminal kinase (JNK1). JNK1
positively regulates apoptosis by inducing cytochrome c release from the mitochondria and
activating BH3-only proapoptotic proteins (Lei, Nimnual et al. 2002). HSP70 binds and
inhibits JNK1 hindering its pro-apoptotic function (Park, Lee et al. 2001). HSP70 can also
prevent Bax translocation to the mitochondria blocking mitochondrial membrane
permeabilization (Stankiewicz, Lachapelle et al. 2005). Similar to HSP90, HSP70 has also
been reported to inhibit apoptosome formation by binding to Apaf-1 and hindering its
oligomerization in the presence of procaspase-9 and cytochrome c (Beere, Wolf et al. 2000;
Saleh, Srinivasula et al. 2000). Moreover, this chaperone also appears to directly associate
with procaspases-3 and -7 suppressing their activation (Komarova, Afanasyeva et al.
2004). HSP70 can also inhibit Fas-mediated apoptosis ultimately inhibiting mitochondrial
membrane depolarization (Clemons, Buzzard et al. 2005). Proteins belonging to the
caspase-independent cascade, such as the apoptosis-inducing factor (AIF), can also be
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Figure 5. Antiapoptotic heat shock proteins
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NF-κB

bound by HSP70 thus inhibiting their function (Ravagnan, Gurbuxani et al. 2001;
Gurbuxani, Schmitt et al. 2003). AIF resides in the intracellular space of the mitochondria,
which upon death stimuli is released to the cytosol and subsequently translocated to the
nucleus where it induces chromatin condensation, one of the hallmarks of apoptosis (Susin,
Lorenzo et al. 1999). HSP70 can also sequester endonuclease G, another mitochondrial
resident, inhibiting its DNA-cleaving capabilities (Kalinowska, Garncarz et al. 2005).
HSP27 is another highly overexpressed heat shock protein that confers a
cytoprotective effect against cancer therapy. This antiapoptotic chaperone appears to block
apoptosis in prostate cell lines through inhibition of caspase-3 proteolysis as suggested by
studies where HSP27 is silenced using small interference RNA (Rocchi, Jugpal et al. 2006).
Studies have found that HSP27 not only sequesters important players in the mitochondrial
apoptotic pathway such as cytochrome c and second mitochondria-derived activator of
caspases, but also directly complexes with procaspase-3 repressing its activation (Pandey,
Farber et al. 2000; Paul, Manero et al. 2002; Chauhan, Li et al. 2003). HSP27 can also
hinder apoptosis even when no direct interaction is occurring with the pro-apoptotic
proteins, for example, changes in HSP27 expression levels contribute to altered
intracellular localization of the pro-apoptotic protein Bid (Paul, Manero et al. 2002).
Additionally, HSP27 protects the cell against oxidative stress by reducing the levels of
intracellular ROS species (Wyttenbach, Sauvageot et al. 2002; Lee, Lee et al. 2005).
Radiation treatment induces mitochondrial-generated ROS species. The protein kinase c
delta (PKCδ) has been implicated to have proapoptotic functions in the cell. PKCδ
phosphorylates p38 MAP kinase which facilitates mitochondrial-mediated ROS generation
and caspase-dependent apoptosis. In radiated cells, HSP27 inhibited activation of PKCδ
(Lee, Lee et al. 2005). Unlike the other cytoprotective heat shock proteins, HSP27 has an
important role in the stability of the actin network critical for the integrity of the cytoskeleton
(Landry and Huot 1995; Mounier and Arrigo 2002). It has been suggested that cytoskeleton
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disruption and release of cytochrome c through mitochondria-induced apoptosis are
connected, however this cell death mechanism is abrogated by HSP27 overexpression
(Paul, Manero et al. 2002).
Aside from its cytoprotective role in the mitochondrial pathway, HSP27 interacts with
Akt kinase and regulates its kinase activity, negatively affecting apoptosis (Rane, Pan et al.
2003). Another important cytoprotective property of HSP27 is its ability to regulate the
activity of the transcription factor nuclear factor kB (NF-kB). NF-kB triggers the transcription
of pro-survival proteins when activated, and in the cytosol its activity is kept repressed when
complexed with its inhibitory protein IkBα. HSP27 binds to the repressor IkBα accelerating
its ubiquitination and proteasomal degradation relieving the inhibitory effect on NF-kB
(Parcellier, Schmitt et al. 2003). In a similar manner, HSP27 promotes the ubiquitination
and degradation of the cyclin-dependent kinase inhibitor p27 circumventing cell cycle arrest
(Parcellier, Brunet et al. 2006).
In addition to these antiapoptotic cytosolic heat shock proteins, other chaperones
localized in some cellular compartments possess cytoprotective properties. HSP90 and
HSP70 endoplasmic reticulum homologues, GRP94 and GRP74, respectively, are known to
provide cytoprotection from stress conditions that otherwise could have resulted in cell
death (Reddy, Lu et al. 1999; Reddy, Mao et al. 2003; Ostrovsky, Ahmed et al. 2009). The
mitochondrial HSP90 homologue TRAP-1 can protect the cells in tumorigenic tissue from
apoptotic stimuli. For example, TRAP-1 protects the cell from mitochondria-mediated
apoptosis induced by oxidative stress (Montesano Gesualdi, Chirico et al. 2007). TRAP-1
and HSP90 are overexpressed in the mitochondria of tumor cells in contrast to their low
levels in mitochondria of non-malignant cells (Kang, Plescia et al. 2007). Interestingly,
TRAP-1 appears to lack the client protein chaperone capabilities of its cytosolic paralog.
Even thoughTRAP-1 has ATPase activity, it is not known to form stable complexes with any
cochaperone. This renders TRAP-1 incapable of promoting client protein maturation (Felts,
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Owen et al. 2000). However, in association with HSP90, both chaperones can bind to
cyclophylin D inhibiting its pore-forming function in mitochondrial permeability transition and
therefore block mitochondria-induced cell death. New classes of small molecule inhibitors,
such as the GA-mitochondrial matrix inhibitors (gamitrinibs), are currently being developed
to directly target HSP90 in the mitochondria of tumor cells and disrupt HSP90 association
with TRAP-1 and cyclophilin D (Kang, Plescia et al. 2009).

Proapoptotic heat shock proteins
In contrast to the antiapoptotic properties of some heat shock proteins, there is also
at least one chaperone that positively regulates apoptosis by modulating caspase
activation. Via its chaperone activity, HSP60 can accelerate the proteolytic activation of
procaspase-3 through caspase 6 stimulating the apoptotic process (Xanthoudakis, Roy et
al. 1999). Although HSP60 can act alone in stimulating apoptosis, another study found that
this chaperone can also be found in complex with HSP10 and procaspase-3 in the
mitochondria activating procaspase-3 in the presence of cytochrome c and dATP (Samali,
Cai et al. 1999). To reconcile the fact that HSP60 resides in the mitochondrial matrix and
heat shock proteins are not known to play a role in the release of cytochrome c and
subsequent caspase activation, it was suggested that in the late stage of apoptosis,
mitochondria integrity is lost releasing its molecular content (such as HSP60) into the
cytosol efficiently activating the caspase cascade (Samali, Cai et al. 1999). Interestingly,
although HSP90 has been mainly associated with cell death repression, it is important to
note that HSP90 expression can also exert proapoptotic properties in specific cell culture
settings. For example, the proapoptotic protein JNK1 is a HSP90 client protein. Leukemic
cells treated with the anticancer drug edelfosine need continual activation of JNK1 to
undergo cell death. Treatment with HSP90 inhibitors diminished edelfosine-mediated
cytotoxicity in these cells (Nieto-Miguel, Gajate et al. 2008).
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Heat shock protein overexpression and cytotoxicity resistance
The antiapoptotic nature of the heat shock proteins allows the cell to evade cell
death and become resistant to therapeutic agents. Multiple studies have reported that heat
shock protein overexpression facilitates resistance to chemotherapeutic agent-induced
cytotoxicity in various malignancies. HSP90 is overexpressed in Ewing sarcoma promoting
resistance to insulin-like growth factor 1 receptor treatment (Martins, Ordonez et al. 2008)
Induction of HSP70 in geldanamycin- or 17-AAG-treated leukemic cells conferred cell death
resistance to doxorubicin (Demidenko, Vivo et al. 2006). HSP70 protein induction and
accumulation occurs with 5-fluorouracil treatment in colorectal cancer cell lines protecting
these malignant cells from apoptosis (Grivicich, Regner et al. 2007). Transfection and
overexpression of HSP27 in colorectal cancer cells prevented doxorubicin- and cisplatininduced cell death (Garrido, Ottavi et al. 1997). Studies have also reported that increased
HSP27 protein levels block the cytotoxic effects of staurosporine and dexamethasone
(Mehlen, Schulze-Osthoff et al. 1996; Chauhan, Li et al. 2003). Overexpression of
endoplasmic reticulum chaperones, GRP94 and GRP78, can promote protection and cell
survival from topoisomerase inhibitors (Reddy, Lu et al. 1999; Reddy, Mao et al. 2003).
In accordance to their cytoprotective effect, silencing of HSP90, HSP70, HSP27, or
GRP94 protein expression results in sensitization to chemotherapeutic agents and
induction of cell death (Reddy, Lu et al. 1999; Guo, Rocha et al. 2005; Rocchi, Jugpal et al.
2006; Aghdassi, Phillips et al. 2007; Chatterjee, Jain et al. 2007; Martins, Ordonez et al.
2008). Similarly, dual siRNA targeting of heat shock protein genes induces apoptosis in
transformed cells (Powers, Clarke et al. 2008). Inability of a molecular chaperone to
perform its chaperoning functions can result in loss of its cytoprotective capabilities.
Mutations to the ATP-pocket in GRP78 resulted in abrogation of its antiapoptotic properties
and sensitization to cytotoxic agents (Reddy, Mao et al. 2003).
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The important chaperone function that HSP90 has in sustaining the functional
conformation of several client oncoproteins makes it an attractive therapeutic target. As
previously mentioned, the inhibition of HSP90 results in an elevation of antitapoptotic heat
shock proteins (Bagatell, Paine-Murrieta et al. 2000). Evasion of the stress response that is
elicited by inhibition of HSP90 is desirable. In order to circumvent the heat shock protein
stress response inhibitors for chaperones other than HSP90 are currently being developed
(Leu, Pimkina et al. 2009).
Another approach to block activation of the heat shock stress response could be
through transcription and/or translation inhibition. Agents that can target transcription and/or
translation could be use in combination with HSP90 inhibitors.

This will abrogate

augmentation of cytoprotective heat shock proteins or decrease levels of client proteins
resulting in increase cytotoxicity. The transcription inhibitor Actinomycin C (Act D) and the
ribonucleoside analogue 8-Chloro-Adenosine (8-Cl-Ado) are two examples of such agents.

Actinomycin D
The actinomycin family member Act D is one of the first antibiotics that was
determined to posses anti-neoplastic activity (Figure 6) (Woodruff and Waksman 1960).
This drug is isolated from the soil bacteria Streptomyces and was introduced in the clinic for
the treatment of tumors in 1954 (Farber, Pinkel et al. 1956). Currently, this drug is mostly
used in the clinic against various pediatric malignancies (Estlin and Veal 2003; Veal, Cole
et al. 2005). Act D is an established transcription inhibitor that induces cytotoxicity by
inhibiting global RNA synthesis (Perry and Kelley 1970). Act D acts by binding and
intercalating into DNA (Gniazdowski, Denny et al. 2003). Its phenoxazone ring intercalates
between bases and the peptide substituents bind to the minor groove of DNA, thus blocking
the binding of RNA polymerase II and subsequently inhibiting RNA elongation (Sobell 1985;
Gniazdowski, Denny et al. 2003).
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Figure 6. Structure of Actinomycin D
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8-Chloro-Adenosine
8-Chloro-Adenosine (8-Cl-Ado) is a ribonucleoside analog reported to cause in vitro
cytotoxicity in several solid and hematological malignancies (Figure 7) (Zhang, Zheng et al.
1998; Gandhi, Ayres et al. 2001; Wang, Liu et al. 2004; Balakrishnan, Stellrecht et al. 2005;
Gu, Zhang et al. 2006; Dennison, Balakrishnan et al. 2009; Stellrecht, Ayres et al. 2009;
Yang, Jia et al. 2009). Unlike the DNA-directed analogs that are metabolized to the
triphosphate derivative and incorporated into DNA during replication, 8-Cl-Ado is
phosphorylated to the triphosphate and incorporated into RNA (Figure 8) (Stellrecht,
Rodriguez et al. 2003). This ribonucleoside analog, is mono-phosphorylated by adenosine
kinase and further phosphorylated to the di- and triphosphate forms by mono- and
diphosphate kinases, respectively (Gandhi, Ayres et al. 2001). Unlike the metabolism of
conventional

nucleosides,

the

diphosphate

compound

8-Cl-ADP,

can

also

be

phosphorylated to the cytotoxic 8-Cl-ATP by ATP synthase (Chen, Nowak et al. 2009).
8-Cl-Ado is believed to cause cellular toxicity through various mechanisms of action.
Upon phosphorylation to its triphosphate form, 8-Cl-Ado is incorporated into RNA, with
approximately 4.5 fold preferential incorporation into mRNA, causing mRNA synthesis inhibition

(Stellrecht, Rodriguez et al. 2003). Stability of mRNA is further hindered by the ability of 8Cl-ATP to inhibit polyadenylation by poly(A)polymerase (Chen and Sheppard 2004; Chen,
Du-Cuny et al. 2010). Additionally, treatment of cells with 8-Cl-Ado results in a decrease of
the endogenous cellular ATP pool with a concomitant increase in 8-Cl-ATP levels (Gandhi,
Ayres et al. 2001). The metabolism of 8-Cl-Ado to its triphosphate form is achieved through
distinct mechanisms. An abundant nucleoside kinase, adenosine kinase, was found to have
high substrate specificity for this drug allowing 8-Cl-ATP to accumulate as high as 700 µM
in multiple myeloma cells (Gandhi, Ayres et al. 2001). Given that 8-Cl-ATP is an ATP
analog, it has been proposed that the diphosphate form of 8-Cl-Ado can serve as a
substrate for ATP synthase and 8-Cl-ATP can act as a potential inhibitor of this enzyme

33

Figure 7. Structure of 8-Chloro-Adenosine
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Figure 7

NH2
N

N

Cl
N

HO
O

OH OH

35

N

Figure 8. Metabolism of 8-Cl-Ado
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Figure 8
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(Chen, Nowak et al. 2009). Additionally, a recent study attributed the decline of cellular ATP
to the succinylation of 8-Cl-Ado that results in the depletion of fumarate, an intermediate in
the Krebs cycle, potentially affecting the production of ATP by oxidative phosphorylation
(Dennison, Ayres et al. 2010) Due to the decline of cellular bioenergetics, this drug
activates the mTOR/Akt autophagy pathways as a survival strategy in some tumor cell lines
(Stellrecht, unpublished data). 8-Cl-Ado is currently in a phase I clinical trial for the
treatment of chronic lymphocytic leukemia.

Multiple myeloma

HSP90 has been found to be overexpressed in several solid tumors and
hematological malignancies including multiple myeloma (Bagatell and Whitesell 2004;
Whitesell and Lindquist 2005; Chatterjee, Jain et al. 2007). Multiple myeloma is an indolent
cancer of the plasma cell that is resistant to several chemotherapeutic agents (Dalton,
Bergsagel et al. 2001). This hematological malignancy is characterized by high levels of
monoclonal immunoglobulins (paraprotein) in the serum and/or urine, accumulation of
plasma cells in the bone marrow and osteolytic lesions (Kuehl and Bergsagel 2002). At
present, multiple myeloma is an incurable malignancy with a median survival of 3-5 years
(Tassone, Tagliaferri et al. 2006). According to the 2009 cancer statistics, it was estimated
that 20,580 individuals were diagnosed with multiple myeloma and 10,580 deaths from this
disease occurred in this year in the United States alone (Jemal, Siegel et al. 2009). The first
case report and description of multiple myeloma was presented by Dr. Solly in 1844
(Engelhardt and Mertelsmann 2006). However, it was not until 1962 that clinical
investigators reported that the outcome of multiple myeloma patients could be improved
with the alkylating agent melphalan (Bergsagel, Sprague et al. 1962). Traditional therapies
for multiple myeloma have included other alkylating agents (cyclophosphamide), steroids
(prednisolone, dexamethasone), and stem cell transplantation (Terpos, Rahemtulla et al.
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2005). A major obstacle in the treatment of multiple myeloma is the acquired resistance to
therapeutic agents that patients develop resulting in relapse of the disease (Dalton,
Bergsagel et al. 2001). However, new treatments have recently surfaced. The proteasome
inhibitor bortezomib (Velcade) was approved in 2003 and the immunomodulatory drugs,
thalidomide (Thalomid) and lenalidomide (Revlimid), were approved in 2006 for the
treatment of multiple myeloma (Rajkumar, Richardson et al. 2005; Strobeck 2007).
Additional emerging anti-myeloma drugs include HSP90 inhibitors such as 17-AAG, histone
deacetylase inhibitors, an Akt inhibitor, and monoclonal antibodies (Jagannath, Kyle et al.
2010).
Multiple myeloma is now perceived as a disease that arises due to genetic lesions
involving translocations between immunoglobulin enhancers and oncogenes in addition to
alterations in proliferation and survival signaling pathways (Bommert, Bargou et al. 2006).
This malignancy is further fueled by the interaction between multiple myeloma cells and
bone marrow stromal cells leading to enhanced expression and secretion of cytokines such
as interleukin-6 (IL-6) that activate signaling cascades, which promote proliferation and
resistance to apoptosis (Hideshima, Podar et al. 2005). Pathways that play a role in the
biology of multiple myeloma and are activated due to cytokine secretion include PI3K/Akt/mTOR, IKK/NF-κB, Ras/Raf/MAPK as well as JAK/STAT3 cascades (Mitsiades,
Mitsiades et al. 2006). Consequently, these pathways promote tumorigenesis by hindering
the activation of proapoptotic proteins, upregulating antiapoptotic proteins and stimulating
angiogenesis (Chng, Lau et al. 2005; Mitsiades, Mitsiades et al. 2006). Interaction of
multiple myeloma cells with their milieu result in the upregulation of heat shock proteins
which are necessary for the stabilization and functional conformation of proliferative and
antiapoptotic proteins (Hideshima, Mitsiades et al. 2007). Disruption of cellular signaling
networks is therefore desired when combining therapeutic agents.
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Significance

Due to the chaperoning capabilities that HSP90 displays in sustaining tumorigenic
cells, efforts to develop specific inhibitors for HSP90 have been pursuit. HSP90 binds to
partially folded client oncoproteins facilitating their refolding to a functional conformation
state. Simultaneous downregulation of the client oncoproteins is achieved when the
chaperone HSP90 is inhibited. Because this was a newly identified target, efforts to develop
and test HSP90 inhibitors in preclinical and clinical settings were performed with large
expectations. However, induction of antiapoptotic heat shock proteins and cell death
resistance is an undesirable consequence stimulated by HSP90 inhibition. Hence,
abrogation of the stress response is desired when using small molecules that target
HSP90. The work in this dissertation investigates whether agents that inhibit transcription
and/or translation can either abrogate the induction of heat shock proteins at the transcript
or expression level or decrease client protein transcript and expression levels resulting in
increase cytotoxicity.
HSP90 is overexpressed in several malignancies including multiple myeloma
(Bagatell and Whitesell 2004; Whitesell and Lindquist 2005; Chatterjee, Jain et al. 2007).
Multiple myeloma is a complex disease driven by multiple survival and proliferative
signaling cascades that like many other neoplasms, relies on the chaperone HSP90 to
remain functional. This malignancy was used as a model to evaluate the biological effect of
the HSP90 inhibitor 17-AAG in combination with the transcription inhibitor Act D or the
ribonucleoside analog 8-Cl-Ado, which inhibits transcription, translation and decreases
cellular bioenergy. These combination strategies were designed as proof-of-principle in the
utilization of these clinically used agents in conjunction with HSP90 inhibitors such as 17AAG in the abrogation of the heat shock stress response or client protein downregulation.
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CHAPTER 2: Materials and Methods

Cell lines

The cell line MM.1S was obtained from the laboratory of Drs. Nancy Krett and Steve
Rosen (Robert H. Laurie Comprehensive Cancer Center, Northwestern University, Chicago,
IL). The cell lines U266 and RPMI-8226 were obtained from the laboratory of Dr. William S.
Dalton (H. Lee Moffitt Cancer Center and Research Institute, Tampa, FL). The MM (multiple
myeloma) cell lines were maintained in RPMI 1640 (Life Technologies, Inc, Grand Island,
NY) supplemented with 10% heat-inactivated fetal bovine serum (Fisher Scientific,
Pittsburgh, PA) in the presence of 5% CO2 at 37°C. Cells were routinely tested for
Mycoplasma infection using a commercially available kit (Gen-Probe Inc, San Diego, CA).

Approximate doubling times for MM.1S, U266, and RPMI-8226 are 48, 36, and 24 hours,
respectively.

Materials

Actinomycin D (Act D) and 17-(Allylamino)-17-demethoxygeldanamycin (17-AAG)
were purchased from Sigma-Aldrich Co. (St Louis, MO). Drugs were dissolved in
dimethylsulfoxide at a concentration of 1000 µg/mL for Act D, and 1mM for 17-AAG. 8Chloro-adenosine (8-Cl-Ado) was obtained from Dr. Vishnuvajjala Rao (Drug Development
Branch, National Cancer Institute, Bethesda, MD) and it was dissolved in Milli-Q water
(Millipore Corp., Billerica, MA) at a concentration of 10 mM. Aliquots were prepared for all
drugs and stored at -20°C.

RNA synthesis

Global RNA synthesis was measured using [5, 6-3H]-uridine incorporation (37.2
Ci/mmol; Moraveck Biochemical Inc, Brea, CA). MM cells were left untreated or treated for
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4, 8, and 12 hours with 0.05 µg/mL Act D. Thirty minutes prior to the end of incubation, the
cells were labeled with [5, 6-3H]-uridine (1µCi/mL) at 37°C. MM cells were also left
untreated or treated for 4 and 8 with 10 µM 8-Cl-Ado. One hour before the end of
incubation, the cells were labeled with [5, 6-3H]-uridine (1µCi/mL) at 37°C. The labeled
samples were harvested, washed with 10 mL of cold PBS and transferred to glass fiber
filters (Whatman Inc, Clifton, NJ) using a Millipore vacuum manifold (Fisher Scientific,
Pittsburgh, PA). The filters were then washed twice with 5mL of cold 0.4 N perchloric acid
and rinsed once with 70% ethanol. The filters were dried overnight and transferred to
scintillation vials containing 7 mL of High flash point cocktail scintillation fluid (Research
Products International Corp, Mount Prospect, IL). The radioactivity on the filters was
quantified by a liquid scintillation counter (Packard, Ramsey, MN). Data were expressed as
a percentage of untreated control.

Isolation of RNA and quantitative real time RT-PCR

Total RNA was isolated using the RNeasy Mini kit (Qiagen, Valencia, CA) according
to manufacturer’s instructions. RNA concentration measurement was performed using the
PowerWave XS Microplate Spectrometer and KC4 Data Analysis software (BioTek
Instruments Inc, Winooski, VT). The relative transcript levels of gene expression were
assessed using TaqMan One Step RT-PCR master mix reagents (Applied Biosystems,
Foster City, CA) on an ABI prism 7900HT Sequence Detection System. Predesigned
primers and TaqMan probes for thioredoxin 2 (TXN2), glyceraldehyde -3- phosphate
dehydrogenase (GAPDH), HSP90α (HS00743767_sH), HSP90β (HS00607336_gH),
HSP70 (HS00359147_s1), HSC70 (HS01683591_g1), HSP27 (HS00356629_g1), HSF-1
(HS01027619_m1), Akt1 (HS00920503_m1), STAT-3 (HS01047579_m1), and Raf-1
(HS00991918_m1) were purchased from Applied Biosystems. Contaminating DNA was
removed from RNA preparations by using a commercially available DNA-free
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DNAse

treatment and removal kit (Ambion, Austin, TX). To verify the absence of DNA in each RNA
sample, a control reaction without reverse transcriptase was performed. Relative levels of
HSP gene expression were determined by using standard curves and normalized either
with the endogenous gene TXN2 or GAPDH. Experiments were done in triplicate and the
results were plotted as fold change in comparison to untreated MM cells.

Protein extraction and immunoblot assays

Exponentially growing MM.1S, U266, and RPMI-8226 cells were treated with the
various drugs as indicated. Cells were grown to a concentration of 5 x 105 cells per mL in
10 mL total per condition. Samples were harvested, centrifuged at 1,500 rpm for 5 minutes,
and washed twice with PBS. Cells were lysed using one tablet of Complete Mini Protease
Inhibitor Cocktail and one tablet of PhosSTOP Phosphatase Inhibitor Cocktail Tablets
(Roche, Indianapolis, IN) in 10 mL of M-PER Mammalian Protein Extraction Reagent
manufactured by Pierce (Rockford, IL). Lysates were centrifuged at 10,000 rpm for 10
minutes at 4°C and the supernatant collected and transferred to a different tube. Protein
concentration was determined by DC protein assay (Bio-Rad Laboratories, Hercules, CA)
per the manufacturer instructions. Quantitation of protein concentration was performed
using the PowerWave XS Microplate Spectrometer and KC4 Data Analysis software
(BioTek Instruments Inc.). Forty five µg of protein was mixed with 4X reducing agent and
lysis buffer and boiled at 96°C for 10 minutes. For immunoblot analysis, protein samples
were eletrophoresed on Criterion Bis-Tris Gels using the XT MOPS buffer kit (Bio-Rad
Laboratories) for 2 hrs at 100 volts and transferred to NitroBind pure-nitrocellulose
membranes (Osmotics Inc., Gloucester, MA) at 100V for 1 hr at 4°C. Membranes were then
blocked with blocking buffer (LI-COR Biosciences, Lincoln, NE) for 1 hour at room
temperature and probed for the indicated primary antibodies diluted in blocking buffer for 2
hours at room temperature. The membranes were washed three times with PBS-0.1%
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Tween 20 for 5 minutes each and incubated with the secondary fluorescent antibody for 1
hour at room temperature. The same washing procedure was performed after this
incubation. Immunoblots were imaged and quantified using Odyssey Infrared Imaging
System (LI-COR Biosciences). Primary antibodies were purchased from the following
sources: GRP78 (BiP), HSP90α/β, HSP70, HSC70, HSP27, and HSF-1 (Stressgen, Ann
Harbor, MI); Grp94 (2H3) (Abcam Inc, Cambridge, MA); STAT3 (124H6), Akt, and GAPDH
(Cell Signaling Technology, Beverly, MA); c-Raf, BD Biosciences Pharmingen (San Jose,
CA); β-actin (AC-15) (Sigma, Saint Louis, MO); RNA Polymerase II 8WG16 (Covance,
Berkeley, CA); Alexa-Fluor 680 goat anti-mouse IgG, and Alexa-Fluor 800 goat anti-rabbit
IgG (Molecular Probes, Eugene, OR).

Immunoprecipitation of HSP90 protein bound to [3H] 17-AAG

Radioactive

[allylamino-2,

3-3H]-17-AAG

was

synthesized

by

Moravek

Biochemicals. MM.1S cells (1 x 106 cells in 40 mL) were incubated with 0.5 µM [allylamino2, 3-3H]-17-AAG alone or the simultaneous combination of 0.5 µM [allylamino-2, 3-3H]-17AAG plus 10 µM 8-Cl-Ado for 20 hours. Each condition was performed in duplicate. At the
end of treatment period, cells were harvested and centrifuged at 1,500 rpm for 5 minutes,
and washed once with PBS. Cells were lysed by sonication with one tablet of Complete
Mini Protease Inhibitor Cocktail (Roche) and one tablet of PhosSTOP Phosphatase Inhibitor
Cocktail Tablets (Roche) in 10mL ½ X RIPA buffer (Upstate Biotechnology, Billerica, MA).
The lysate was centrifuged at 10,000 rpm for 10 minutes at 4°C and the supernatant was
collected and transferred to a 1.5 mL microcentrifuge tube. Each sample was precleared
with 3% FBS-blocked Protein G Plus/Protein A-Agarose (Calbiochem EMD Biosciences,
Gibbstown, NJ) for 20 minutes at 4°C. The blocked Protein G Plus/Protein A-Agarose
solution was spun down and washed 3 times with cold ½ X RIPA buffer before being used.
The precleared lysates were spun down at 10,000 rpm for 1 minute at 4°C and supernatant
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transferred to a new 1.5 mL microcentrifuge tube. Protein concentration was determined by
DC protein assay (Bio-Rad) and quantified using the PowerWave XS Microplate
Spectrometer and KC4 Data Analysis software (BioTek Instruments Inc.). Following this, 1
mg of protein per treatment sample was incubated for 2 hours at 4°C with either 20 µg of
IgG mouse antibody (Santa Cruz Biotechnology, Santa Cruz, CA); 20 µg of HSP90α/β
(Stressgen); or 5 µg of RNA Polymerase II 8WG16 (Covance) used as a negative control
for possible [allylamino-2, 3-3H]-17-AAG binding. A fourth tube for each duplicate of each
treatment containing only 1 mg of protein and ½ X RIPA buffer was also incubated under
the same conditions. All samples were adjusted to 500 µL using ½ X RIPA buffer with the
cocktail inhibitor tablets. After this incubation, 40 µL of Protein G Plus/Protein A-Agarose
was added to each tube and allowed to incubate for 1 hour at 4°C. Samples were then
centrifuged at 10,000 rpm for 1 minute at 4°C, the supernatant transferred to a new 1.5 mL
microcentrifuged tube, and the immuno-radiolabeled precipitants washed twice with 1 mL of
½ X RIPA buffer. The 2 mL washes for each sample were not discarded, but set aside in 15
mL conical tubes. The [allylamino-2, 3-3H]-17-AAG contained in each sample condition was
then analyzed by transferring the immuno-radiolabeled precipitants to scintillation vials
containing 7 mL of High flash point cocktail scintillation fluid (Research Products
International Corp).
In order to follow the material balance, the collected supernatant and 2 mL washes
of each sample were also transferred to scintillation vials containing 7 mL of scintillation
fluid. The radioactivity was quantified by a liquid scintillation counter (Packard).
The immunoprecipitation of untreated MM.1S cells was also done as described above
followed by immunobloting of HSP90α/β and RNA Polymerase II 8WG16 as previously
mentioned in order to corroborate the assayed proteins were being pull down.
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Annexin V cell death assay

MM cells were treated with the indicated combinations of drugs and time points.
After treatment, cells (approximately 1 x 106 cells per condition) were harvested and spun
down at 1,500 rpm for 5 minutes and washed twice with cold PBS. Samples were
resuspended in 500µL 1X Annexin V binding buffer (BD Biosciences Pharmingen) and
incubated with 5 µL (0.25 µg) 7-AAD (BD Biosciences Pharmingen) and 5 µL (25 µg)
Annexin V-FITC (BD Biosciences Pharmingen) for 15 minutes in the dark at room
temperature. Total cell death was analyzed using the BD FACSCalibur system (BD
Biosciences Pharmingen). The endogenous cell death was subtracted from all the
conditions, and the expected percentage of cells surviving after treatment with the
combination was calculated using the fractional two-drug combinational analysis. To
compare the expected and observed (Annexin V/7-AAD staining) levels of cell death for the
different combinations, we first calculated the expected level of cell survival for the
combination treatments. For example, the percentage of cells surviving 17-AAG treatment
(100% - X% Annexin V/7-AAD staining) was multiplied by the percentage of cells surviving
Act D treatment (100% - X% Annexin V/7-AAD staining) divided by 100. With this
calculation, a comparison of the expected cell death versus the observed cell death was
made for all the different drug combinations.

Perchloric acid extraction of intracellular nucleotides

MM cells were seeded at 5 x 105 cells per mL in 10 mL and treated with 8-Cl-Ado
alone or 8-Cl-Ado and 17-AAG in combination as indicated. Cells were harvested after
treatment and transferred to a 15 mL conical tube to be centrifuged at 1,500 rpm for 5
minutes at 4°C. The media was aspirated and the cells were resuspended in 10 mL of cold
PBS, spun down at 1,500 rpm for 5 minutes at 4°C and PBS aspirated. After this washing
procedure was performed twice, the cells were resuspended in 250 µL of cold Milli-Q water
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and 250 µL of cold 0.8 N perchloric acid (PCA) was added to the suspended cells while
gently vortexing. In order to lyse the cells, they were allowed to incubate for 5 minutes on
ice. The samples were centrifuged at 1,500 rpm for 5 minutes at 4°C and the supernatant
(nucleotides in PCA solution) was transferred to another 15 mL conical tube stored on ice.
A second extraction was performed on the pelleted cell debris and nuclei by resuspending
pellet in 250 µL of cold 0.4 N PCA while gently vortexing and incubating on ice for 5
minutes. The sample was centrifuged at 1500 rpm for 5 minutes at 4°C. The supernatant
from this second extraction was then added to the first extraction contained in the 15 mL
conical tube stored on ice. In order to neutralize the PCA in the nucleotide solution, 10 N
potassium hydroxide was added carefully to the 15 mL tube until a pH of 6-7 was achieved
when tested with Hydrion pH test paper (Micro Essential Laboratory, Brooklyn, NY). The
neutralized solution was centrifuged at 1,500 rpm for 5 minutes at 4°C. The supernatant
was removed using a Hamilton glass syringe while taking care to avoid the pelleted salts.
The sample was transferred to a 1.5 mL microcentrifuge tube; the volume was adjusted to 1
mL with Milli-Q water and stored at -20°C.

Intracellular nucleotide quantitation by HPLC

Nucleotide separation and quantitation were performed using high pressure liquid
chromatography (HPLC). The neutralized PCA extracts were applied to an anion-exchange
Partisil-10 SAX column at a flow rate of 1.5 mL per minute using a Waters 2697
Separations Module (Waters Corp., Milford, MA). The nucleotides were eluted with a 60
minute concave gradient from 60% 0.005 M NH4H2PO4 (pH 2.8) and 40% 0.75 M
NH4H2PO4 (pH 3.7) to 100% 0.75 M NH4H2PO4 (pH 3.7). Buffer solutions were prepared
using HPLC reagent grade products, pH adjusted, and the solution filtered through a
Millipore Type HA 0.45 µM filter disc.
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The column eluate was monitored by UV absorption at 257 nm with a Waters 2487
Dual λ Absorbance Detector and the nucleotide triphosphates were quantified by electronic
integration with reference to standards for CTP, GTP, UTP, ATP, and 8-Cl-ATP. In order to
quantitate the levels of radioactive 8-Cl-Ado and its metabolites, the HPLC was done using
a Radiomatic Flow-through HPLC system (Packard, Downers Grove, IL). The cytotoxic
analog triphosphate (8-Cl-ATP) was measured by comparing its retention profile and
absorption spectrum with a standard.
The intracellular concentration of nucleotides of each sample was calculated from the
measured number of cells and mean cell volume at the time of cell harvest. The cell
number and volume was determined using the Beckman Coulter particle count and size
analyzer.

Statistical analysis. One-tailed paired Student’s t-test analyses were done using

GraphPad Prism (GraphPad Software, San Diego, CA).
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CHAPTER 3: Results

The chaperone HSP90 facilitates the refolding of denatured client oncoproteins.
Inhibition of HSP90 chaperone activity by 17-AAG results in the proteasomal degradation of
the client proteins. However, 17-AAG elicits a stress response causing the induction of
antiapoptotic heat shock proteins leading to cell death resistance. Based on this, it was
hypothesized that the mechanism-based combination of 17-AAG with agents that target
antiapoptotic heat shock proteins and client proteins will result in an increase in cytotoxicity
in multiple myeloma cells.
To investigate the cytotoxic effects of agents that inhibit transcription or translation
in combination with 17-AAG, experiments were performed and divided into two aims.

AIM 1: Actinomycin D

17-AAG treatment results in a dose-dependent increase in heat shock proteins in MM.1S
and RPMI-8226 cells
The HSP90 inhibitor, 17-AAG, induces the transcription of heat shock proteins in the
cell (Bagatell, Paine-Murrieta et al. 2000). To determine the extent of 17-AAG induction of
heat shock proteins in MM cells, a 17-AAG dose-response experiment was performed.
MM.1S and RPMI-8226 cells were incubated with escalating doses of 17-AAG for 8 hours
(Figure 9). Protein lysates were prepared and immunoblots were performed and
subsequently analyzed for HSP90α/β, HSP70, and HSP27 proteins. The housekeeping
protein β-actin was used as a loading control. Early induction of HSP70 and HSP27 protein
levels were observed with 0.25 μM 17-AAG in both cell lines. In contrast,
constitutive/stress-induced HSP90 levels did not change in either MM.1S or RPMI-8226
cells.
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Figure 9. 17-AAG treatment results in a dose-dependent increase in heat shock
proteins in MM.1S and RPMI-8226 cells

Cells were treated for 8 hours with 17-AAG at the indicated doses. Protein extracts were
analyzed by immunoblot for inducible HSP90α and constitutive HSP90β, inducible HSP70,
HSP27, and the loading control β-actin for MM.1S (A) as well as in RPMI-8226 cells (B).
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Figure 9
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17-AAG treatment results in a time-dependent increase in heat shock proteins in MM.1S
and RPMI-8226 cells
To analyze time-dependent augmentation of heat shock proteins, MM cells were
also treated with 0.5 μM 17-AAG for 2, 4, 8, 12, and 24 hours and analyzed for protein
expression of HSP90α/β, HSP70, HSP27, and β-actin via immunoblots (Figure 10).
Induction of HSP70 and HSP27 protein levels was observed as early as 4 hours in both
MM.1S and RPMI-8226 cell lines. This level was either maintained of further increased with
time. Conversely, HSP90α/β levels remained fairly constant throughout the 24 hour
treatment. The maximum concentration of DMSO at the highest 17-AAG dose (1 μM) was
0.1%, and at this level of DMSO alone there was no change in the protein levels of any of
the heat shock proteins. Based on the dose-response and time-dependent experiments, 0.5
μM 17-AAG treatment for 8 hours was identified to test in combination with the transcription
inhibitor Act D. The selected 17-AAG concentration is achievable in the clinic (Banerji,
O'Donnell et al. 2005).

Act D treatment results in a dose-dependent decrease in heat shock proteins in MM.1S and
RPMI-8226 cells
Act D is an established transcription inhibitor (Gniazdowski, Denny et al. 2003). In
order to determine if Act D was able to diminish endogenous levels of heat shock proteins,
cells were treated with escalating concentrations of Act D for 12 hours (Figure 11). Cells
were harvested following treatment, and analyzed for HSP90α/β, HSP70, HSP27, and βactin protein levels via immunoblots. HSP27 protein expression was more sensitive to Act D
when compared to the other heat shock proteins in both cell lines.
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Figure 10. 17-AAG treatment results in a time-dependent increase in heat shock
proteins in MM.1S and RPMI-8226 cells

Cells were treated with 0.5 μM 17-AAG for the indicated times. Immunoblot analyses were
performed to detect for inducible HSP90α and constitutive HSP90β, inducible HSP70,
HSP27, and the loading control β-actin for MM.1S (A) as well as for RPMI-8226 cells (B).
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Figure 11. Act D treatment results in a dose-dependent decrease in heat shock
proteins in MM.1S and RPMI-8226 cells

Cells were treated for 12 hours with Act D at the indicated doses. Protein extracts were
analyzed by immunoblot for inducible HSP90α and constitutive HSP90β, inducible HSP70,
HSP27, and the loading control β-actin for MM.1S (A) as well as in RPMI-8226 cells (B).
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Act D treatment results in a time-dependent decrease in heat shock proteins in MM.1S and
RPMI-8226 cells
To determine time-dependent changes, cells were treated with 0.05 µg/mL Act D for
different time-points (Figure 12). Cells were harvested, immunoblot assays performed and
analyzed for HSP90α/β, HSP70, HSP27 and the loading control β-actin. There was an
evident reduction on all heat shock protein levels in MM.1S and RPMI-8226 by 30 minutes.
This decline was maintained throughout the 24-hour treatment time. Since a longer
treatment period was going to be needed to assess cytotoxicity of this agent, 0.05 μg/mL
Act D treatment for 12 hours was selected to combine with 0.5 μM 17-AAG for 8 hours.
The chosen concentration of Act D is attainable in the clinic (Veal, Cole et al. 2005).

Inhibition of global RNA synthesis by Act D in MM.1S and RPMI-8226 cells
To determine if transcription inhibitor Act-D was able to reduce global RNA
synthesis in both MM cell lines, a radioactive [3H]-uridine incorporation assay was
performed. Cells were incubated with 0.05 μg/mL Act D for 4, 8, and 12 hours (Figure 13).
Radiolabeled uridine isotope (1 μCi) was added to each experiment condition 30 minutes
before the end of treatment. Cells were then harvested and total RNA was extracted. The
levels of incorporated radiolabeled uridine were normalized to the untreated control. Each
time point was performed in triplicate in three independent experiments conducted for each
cell line. In MM.1S cells there was a 55, 70 and 80% global RNA inhibition at 4, 8, and 12
hours, respectively. RPMI-8226 cells were more sensitive to the transcription inhibitor Act
D, suppressing global RNA by 70, 80 and 90% at 4, 8, and 12 hours, respectively.
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Figure 12. Act D treatment results in a time-dependent decrease in heat shock
proteins in MM.1S and RPMI-8226 cells

Cells were treated with 0.05 μg/mL Act D for the indicated times. Immunoblot analyses
were performed to detect for inducible HSP90α and constitutive HSP90β, inducible HSP70,
HSP27, and the loading control β-actin for MM.1S (A) as well as in RPMI-8226 cells (B).

58

Figure 12

A

MM.1S
Act D 0.05μg/mL
0

0.5

1

2

4

8

12

h

HSP90α/β
HSP70
HSP27
β-Actin

B
RPMI-8226
Act D 0.05μg/mL
0

0.5

1

2

4

8

12

24

h

HSP90α/β
HSP70
HSP27
β-Actin

59

Figure 13. Inhibition of global RNA synthesis by Act D

MM.1S and RPMI-8226 cells were treated with 0.05 μg/mL Act D for the indicated time
points, then incubated with [3H]uridine for the last 0.5 hour. Each column is plotted as the
percentage of untreated control and represents the mean and SD of three independent
experiments (62751±13970 DMP/ 5 x 107 cells in untreated MM.1S cells and 74718±23476
DPM/ 5 x 107 cells in untreated RPMI-8226 cells).
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Inhibition of global RNA synthesis by Act D in combination with 17-AAG in MM.1S and
RPMI-8226 cells
The HSP90 inhibitor, 17-AAG, elicits a stress response in the cell inducing the
transcription of antiapoptotic heat shock proteins resulting in resistance to therapy and cell
death (Bagatell, Paine-Murrieta et al. 2000; Beere, Wolf et al. 2000; Pandey, Farber et al.
2000; Pandey, Saleh et al. 2000). To evaluate if Act D could abrogate the 17-AAGmediated induction of heat shock protein mRNA levels, a combination experiment was
designed. The mechanism of action of Act D is to intercalate in the DNA and block
elongation by RNA Pol II (Sobell 1985). A sequential combination where the transcription
inhibitor was added first was chosen to allow time to Act D to intercalate and block
transcription before addition of 17-AAG (Figure 14). MM cells were either not treated or
treated with 0.5 μM 17-AAG alone for 8 hours, a combination treatment with 0.05 μg/mL Act
D added first for 4 hours followed by 0.5 μM 17-AAG for 8 hours, or 0.05 μg/mL Act D alone
for 12 hours. Radiolabeled uridine isotope (1 μCi) was added to each experiment condition
30 minutes before the end of treatment (Figure 15). Cells were then harvested and total
RNA was extracted. The levels of incorporated radiolabeled uridine were normalized to the
untreated control. Each time point was performed in triplicate in three independent
experiments conducted for each cell line. MM.1S cells were sensitive to 17-AAG,
suppressing global RNA by 40% compared to the untreated control. There was an 80%
global RNA inhibition with Act D as a single agent and a 90% suppression of RNA synthesis
with the combination treatment. RPMI-8226 cells treated with 17-AAG resulted in less than
10% inhibition of RNA synthesis. The combination condition and Act D treatment
suppressed global RNA synthesis by 90% when compared to the untreated control.
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Figure 14. Drug schedule for Act D and 17-AAG combination treatment

MM cells were either left untreated or treated with 0.5 μM 17-AAG for 8 hours, the
combination of Act D for 4 hours and then 17-AAG for 8 hours, or 0.05 μg/mL Act D for 12
hours.
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Figure 15. Inhibition of global RNA synthesis by Act D

MM.1S and RPMI-8226 cells were either not treated or treated with 0.5 μM 17-AAG for 8
hours, 0.05 μg/mL Act D for 12 hours, or the combination of Act D for 4 hours and then 17AAG for 8 hours. Condition treatments were then incubated with [3H]uridine for the last 0.5
hour. Each column is plotted as the percentage of untreated control and represents the
mean and SD of three independent experiments (62751±13970 DMP/ 5 x 107 cells in
untreated MM.1S cells and 74718±23476 DPM/ 5 x 107 cells in untreated RPMI-8226 cells).
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Effect of Act D and 17-AAG alone and in sequential combination on heat shock protein
mRNA levels in MM.1S and RPMI-8226 cells
While uridine incorporation assay measures global RNA synthesis, it does not
measure transcription induction of the specific heat shock proteins. Therefore, real time RTPCR was performed to measure transcript levels of stress-inducible HSP90α, constitutive
HSP90β, stress-inducible HSP70, constitutive HSC70, HSP27 and HSF-1 in the treated

MM cells. MM cells were either not treated or treated with 0.5 μM 17-AAG alone for 8
hours, a combination treatment with 0.05 μg/mL Act D added first for 4 hours followed by
0.5 μM 17-AAG for 8 hours, or 0.05 μg/mL Act D alone for 12 hours. Cells were harvested
following drug treatment and RNA isolated for each condition as described in materials and
methods. Condition treatments were normalized using the housekeeping gene TXN2 and
the data plotted as fold change in comparison to the untreated control. Three independent
experiments with each condition treatment done in triplicate were performed.

Act D diminished constitutive and stress-inducible HSP90 mRNA induced by 17-AAG in
MM.1S and RPMI-8226 cells
Specific probes were used to detect levels of the stress-inducible HSP90α and
constitutive HSP90β human isoforms (Figure 16). HSP90α mRNA levels were increased
following 17-AAG treatment by 3- and 4-fold in MM.1S and RPMI-8226, respectively (Figure
16A). Act D treatment alone decreased the endogenous levels of HSP90α transcripts
compared to the untreated control in both cell lines. In the combination treatment, Act D
was only able to abrogate the 17-AAG-induced HSP90α in a statistically significant manner
in RPMI-8226. In MM.1S cells, the addition of Act D diminished 17-AAG-induced HSP90α
transcript levels by 30%.
In contrast to the stress-inducible isoform of HSP90α, the constitutive HSP90β
mRNA levels were induced in MM.1S and RPMI-8226 cells by less than 2-fold and by 2.5-
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Figure 16. Act D diminished constitutive and stress-inducible HSP90 mRNA induced
by 17-AAG in MM.1S and RPMI-8226 cells

Cells were either not treated or treated with 0.5 μM 17-AAG for 8 hours, 0.05 μg/mL Act D
for 12 hours, or the combination of Act D for 4 hours and then 17-AAG for 8 hours. Total
RNA was isolated and inducible HSP90α (A) and constitutive HSP90β (B) mRNA levels
were measured using real-time RT-PCR. TXN2 was used as the endogenous gene for
normalization. mRNA levels are represented as fold change in comparison with the
untreated control. Each column represents the mean and SD of triplicate experiments.
Statistical significance (p < 0.05) comparing 17-AAG alone with the combination condition is
shown.
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fold, respectively (Figure 16B). This induction was reduced to basal levels as compared to
the untreated control when both cell lines were treated with the combination treatment.
Therefore, Act D was able to diminish the induction of HSP90β mRNA levels when cells are
treated with the HSP90 inhibitor. The difference between HSP90β levels in the 17-AAG and
the combination treatment were statistically significant (p < 0.05). Act D treatment as a
single agent also resulted in a lessening of this transcript by more than 50% when
compared to the untreated control in both cell lines.

Act D diminished constitutive HSC70 but not stress-inducible HSP70 mRNA induced by 17AAG in MM.1S and RPMI-8226 cells
The specific levels of the stress-inducible HSP70 and constitutive HSC70 human
isoforms were also evaluated (Figure 17). HSP70 mRNA levels were induced as expected
with 17-AAG treatment alone in both cell lines (Figure 17A). However, the 4- and 6-fold
level induction measured for MM.1S and RPMI-8226 cells, respectively, was not diminished
by addition of Act D in the combination condition. In fact, a statistically significant increase
was measured for the combination treatment compared to 17-AAG as a single agent in
RPMI-8226. Moreover, the transcription inhibitor by itself did not reduce the endogenous
levels of this transcript in either cell line.
Although HSC70 mRNA was also induced with 17-AAG treatment, it was not to the
same extent as with its stress-inducible homologue HSP70 (Figure 17B). 17-AAG treatment
augmented HSC70 transcript levels by 2- and approximately 4-fold in MM.1S and RPMI8226 cells, respectively. This effect however, was blocked by adding Act D first followed by
17-AAG in the combination condition. HSC70 levels in the combination treatment were
similar to the transcript levels in the untreated control, which was detected to be statistically
significant. In addition, endogenous HSC70 mRNA levels were diminished by 90% with Act
D treatment alone.
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Figure 17. Act D diminished constitutive HSC70 but not stress-inducible HSP70
mRNA induced by 17-AAG in MM.1S and RPMI-8226 cells

Cells were either not treated or treated with 0.5 μM 17-AAG for 8 hours, 0.05 μg/mL Act D
for 12 hours, or the combination of Act D for 4 hours and then 17-AAG for 8 hours. Total
RNA was isolated and inducible HSP70 (A) and constitutive HSC70 (B) mRNA levels were
measured using real-time RT-PCR. TXN2 was used as the endogenous gene for
normalization. mRNA levels are represented as fold change in comparison with the
untreated control. Each column represents the mean and SD of triplicate experiments.
Statistical significance (p < 0.05) comparing 17-AAG alone with the combination condition is
shown.
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Act D diminished HSP27 mRNA induced by 17-AAG in MM.1S and RPMI-8226 cells
The specific levels of HSP27 were also quantified (Figure 18). HSP27 levels were
induced with 17-AAG treatment by 20-fold in MM.1S cells but only induced 10-fold with the
combination treatment. This suggests that Act D was able to partially block induction of this
transcript when added before 17-AAG. In RPMI-8226 cells, 17-AAG treatment alone
induced HSP27 mRNA levels by 10-fold. This was abrogated by Act D in the combination
treatment since only a 2-fold induction of HSP27 transcript was measured for this condition.
Unlike the decrease observed in MM.1S cells, the reduction of HSP27 mRNA levels for the
combination treatment in RPMI-8226 was statistically significant when compared to 17-AAG
treatment alone. Also, Act D as a single agent reduced HSP27 transcript levels by 50%
compared to the untreated control in both cell lines.

Act D diminished HSF-1 mRNA in MM.1S and RPMI-8226 cells
Following cellular stress, the transcription factor HSF-1 is released from HSP90 and
subsequently phosphorylated by cytoplasmic kinases. Once in the hyperphosphorylated
state, HSF-1 trimerizes and translocates to the nucleus binding DNA and triggering
transcription of heat shock proteins (Wu 1995). Contrary to heat shock proteins mRNA
levels, HSF-1 transcript levels were not increased following the addition of 17-AAG in either
cell line (Figure 19). However, Act D alone or in combination diminished the basal HSF-1
mRNA levels by 50% in both MM cell lines. The difference between the HSF-1 transcripts
measured for 17-AAG alone and the combination treatment was statistically significant in
both MM cell lines.

Taken together, these results indicate that in MM.1S cells the heat shock protein
mRNA 17-AAG-mediated induction was abrogated by Act D in a statistically significant
manner for the constitutive heat shock protein transcripts (HSP90β and HSC70) and the
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Figure 18. Act D diminished HSP27 mRNA induced by 17-AAG in MM.1S and RPMI8226 cells

Cells were either not treated or treated with 0.5 μM 17-AAG for 8 hours, 0.05 μg/mL Act D
for 12 hours, or the combination of Act D for 4 hours and then 17-AAG for 8 hours. Total
RNA was isolated and HSP27 mRNA levels were measured using real-time RT-PCR. TXN2
was used as the endogenous gene for normalization. mRNA levels are represented as fold
change in comparison with the untreated control. Each column represents the mean and
SD of triplicate experiments. Statistical significance (p < 0.05) comparing 17-AAG alone
with the combination condition is shown.
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Figure 19. Act D diminished HSF-1 mRNA in MM.1S and RPMI-8226 cells

Cells were either not treated or treated with 0.5 μM 17-AAG for 8 hours, 0.05 μg/mL Act D
for 12 hours, or the combination of Act D for 4 hours and then 17-AAG for 8 hours. Total
RNA was isolated and HSF-1 mRNA levels were measured using real-time RT-PCR. TXN2
was used as the endogenous gene for normalization. mRNA levels are represented as fold
change in comparison with the untreated control. Each column represents the mean and
SD of triplicate experiments. Statistical significance (p < 0.05) comparing 17-AAG alone
with the combination condition is shown.
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transcription factor HSF-1. In RPMI-8226 cells, Act D abrogated the 17-AAG-mediated
induction of all heat shock protein transcripts in a statistically significant manner except for
HSP70 mRNA. Act D also reduced the levels of the transcription factor HSF-1.

Act D diminished 17-AAG-mediated induction of heat shock protein and HSF-1 expression
levels in MM.1S and RPMI-8226 cells
To determine if the decrease in mRNA transcripts results in decreased protein
levels, immunoblot analyses were performed to assess if Act D and 17-AAG combination
treatment resulted in heat shock protein expression decrease. The same sequential
combination treatment used in the analysis of heat shock protein transcript levels was
followed. MM cells were either not treated or treated with 0.5 μM 17-AAG alone for 8 hours,
a combination treatment with 0.05 μg/mL Act D added first for 4 hours followed by 0.5 μM
17-AAG for 8 hours, or 0.05 μg/mL Act D alone for 12 hours. The cells were harvested
following drug treatment and analyzed for HSP90α/β, HSP70, HSC70, HSP27, HSF-1 and
the loading control β-actin via immunoblots (Figure 20). In both cell lines there was an
induction of all heat shock proteins when treated with 17-AAG. However, the levels of the
transcription factor HSF-1 remained at endogenous levels when compared to the untreated
condition. Treatment with Act D alone did not cause a further reduction of endogenous heat
shock proteins or HSF-1. Addition of Act D at the beginning in the combination treatment
though was able to abrogate the stress response triggered by 17-AAG treatment. The
expression of the heat shock proteins and HSF-1 was maintained at endogenous levels
with the combination of both agents.

To quantify the abrogation by Act D of 17-AAG-mediated inducible and constitutive
heat shock protein and HSF-1 expression in the combination treatment, three independent
immunoblots were completed for each MM cell line. The same sequential combination
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Figure 20. Act D diminished 17-AAG-mediated induction of heat shock protein and
HSF-1 expression levels in MM.1S and RPMI-8226 cells

Cells were either not treated (U) or treated with 0.5 μM 17-AAG for 8 hours, 0.05 μg/mL Act
D for 12 hours, or the combination of Act D for 4 hours and then 17-AAG for 8 hours. Heat
shock protein and HSF-1 protein levels for these conditions were visualized on
immunoblots using antibodies for inducible HSP90α and constitutive HSP90β, inducible
HSP70, constitutive HSC70, HSP27, HSF-1, and the loading control β-actin for MM.1S and
RPMI-8226 cells.
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design and analysis was performed. Stress-inducible and constitutive heat shock proteins
and HSF-1 levels were normalized with the endogenous control β-actin and the fold change
was compared to the untreated control for each protein. The p value compares the
treatment with 17-AAG alone and the combination treatment (Figure 21, 22, 23 and 24).

Act D diminished 17-AAG-mediated induction of HSP90α/β expression levels in MM.1S and
RPMI-8226 cells
In MM.1S cells, HSP90α/β levels were increased by two fold following 17-AAG
treatment (Figure 21). Act D alone did not affect the expression of stressinducible/constitutive HSP90; however in the combination treatment the transcription
inhibitor abrogated the induction of HSP90α/β protein levels. The decrease in the
combination treatment was not statistically different from the 17-AAG-induced HSP90α/β
levels. In RPMI-8226 cells, HSP90α/β levels were only slightly increased with the HSP90
inhibitor 17-AAG (Figure 21). Levels in the combination treatment remained at endogenous
levels as well with Act-D treatment as a single agent. There is however, a statistically
significant difference in the HSP90α/β protein levels between 17-AAG and the combination
treatment.

Act D diminished 17-AAG-mediated induction of constitutive HSC70 and stress-inducible
HSP70 expression levels in MM.1S and RPMI-8226 cells
In the cell line MM.1S, the protein levels of stress-inducible HSP70 were increased
by 10-fold with 17-AAG alone but no significant change was observed for Act D treatment
alone (Figure 22A). The combination treatment resulted in a lesser induction of HSP70
protein levels but this was not diminished to endogenous levels nor was it statistically
significant. Conversely, the constitutive levels of HSC70 were only induced 2-fold with the
HSP90 inhibitor, which was abrogated by Act D in the combination treatment in a
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Figure 21. Act D diminished 17-AAG-mediated induction of HSP90α/β expression
levels in MM.1S and RPMI-8226 cells

Immunoblot analysis was performed in triplicate and quantified using Odyssey infrared
imaging system application software (version 1.2). Protein levels for HSP90α/β were
normalized to β-actin. Data represents three independent immunoblots plotted as means
plus SD. Statistical significance (p < 0.05) comparing 17-AAG alone with the combination
condition is shown.
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statistically significant manner (Figure 22B). HSP70 expression was induced by less than 5fold in RPMI-8226 cell line when treated with the HSP90 inhibitor (Figure 22A). And
although HSP70 levels in the combination treatment were close to endogenous levels, this
difference between the two treatments was not statistically significant. The constitutive
levels of the HSP70 homologue, HSC70, were not substantially increased with 17-AAG
treatment (Figure 22B). However the combination treatment abrogated this slight induction
in a statistically significant manner.

Act D diminished 17-AAG-mediated induction of HSP27 expression levels in MM.1S and
RPMI-8226 cells
In MM.1S cells, HSP27 protein levels were increased with 17-AAG by 10-fold and
although the combination of Act D and 17-AAG maintained the levels of this chaperone
close to endogenous levels, the results were not statistically significant (Figure 23). In
RPMI-8226 cells, HSP27 protein levels were also induced following 17-AAG treatment,
which was abrogated by Act D in the combination treatment and was statistically significant
(Figure 23).

Act D in combination with 17-AAG diminished HSF-1 expression levels in MM.1S and
RPMI-8226 cells
Finally, HSF-1 expression levels were also measured for each condition treatment
showing some statistically significant decrease in the combination treatment compared to
the levels in the 17-AAG treatment condition in MM.1S cells (Figure 24). In RPMI-8226
cells, HSF-1 protein levels remained at endogenous levels under all conditions, except the
combination treatment (Figure 24). A 50% reduction in HSF-1 protein compared to the
untreated control was measured in the combination condition, which was statistically
significant (p < 0.05).
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Figure 22. Act D diminished 17-AAG-mediated induction of constitutive HSC70 and
stress-inducible HSP70 expression levels in MM.1S and RPMI-8226 cells

Immunoblot analysis was performed in triplicate and quantified using Odyssey infrared
imaging system application software (version 1.2). Protein levels for stress-inducible HSP70
(A) and constitutive HSC70 (B) were normalized to β-actin. Data represents three
independent immunoblots plotted as means plus SD. Statistical significance (p < 0.05)
comparing 17-AAG alone with the combination condition is shown.
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Figure 23. Act D diminished 17-AAG-mediated induction of HSP27 expression levels
in MM.1S and RPMI-8226 cells

Immunoblot analysis was performed in triplicate and quantified using Odyssey infrared
imaging system application software (version 1.2). Protein levels for HSP27 were
normalized to β-actin. Data represents three independent immunoblots plotted as means
plus SD. Statistical significance (p < 0.05) comparing 17-AAG alone with the combination
condition is shown.
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Figure 24. Act D in combination with 17-AAG diminished HSF-1 expression levels in
MM.1S and RPMI-8226 cells

Immunoblot analysis was performed in triplicate and quantified using Odyssey infrared
imaging system application software (version 1.2). Protein levels for HSF-1 were
normalized to β-actin. Data represents three independent immunoblots plotted as means
plus SD. Statistical significance (p < 0.05) comparing 17-AAG alone with the combination
condition is shown.
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In summary, in MM.1S cells even when Act D was able to abrogate the induction of
heat shock protein expression by 17-AAG treatment, this reduction was only statistically
significant for the constitutive HSC70 (Figure 22B). In contrast, in RPMI-8226 cells, Act D
abrogated the 17-AAG-mediated induction of all heat shock proteins and HSF-1 protein
levels in a statistically significant manner except for the stress-inducible HSP70 (Figure
22A). Moreover, the expression levels of HSF-1 were diminished in both cell lines in a
statistically significant manner when compared to 17-AAG treatment alone (Figure 24).

Heat shock protein levels are not diminished in the sequential combination of 17-AAG
followed by Act D in MM.1S cells
Published reports of 17-AAG described that this agent needs to be added in a
sequential manner in order to circumvent the induction of antiapoptotic heat shock proteins
(Guo, Rocha et al. 2005; Demidenko, Vivo et al. 2006). In accordance with this, immunoblot
analysis of an experiment where 0.5 µM 17-AAG was added first followed by addition of
0.05 µg/mL Act D, did not indicate reduction of any of the heat shock proteins or HSF-1
expression (Figure 25). As expected, treatment with 17-AAG induced the expression of all
heat shock proteins in MM.1S cells. Act D as a single agent reduced the levels of all heat
shock proteins. However, when the cells were treated first with 17-AAG followed by Act D in
the combination condition, there was no abrogation of any of the heat shock protein levels.
The expression of all constitutive and stress-inducible heat shock proteins remained similar
to the levels observed for 17-AAG treatment as a single agent. This result further confirms
that 17-AAG needs to be added after treatment with the transcription inhibitor Act D in order
to block the stress response elicited by the HSP90 inhibitor.
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Figure 25. Heat shock protein levels are not diminished in the sequential
combination of 17-AAG followed by Act D in MM.1S cells

Cells were either left untreated (U) or treated with 0.5 μM 17-AAG for 12 hours, 0.05 μg/mL
Act D for 4 hours, or the sequential combination of 17-AAG for 8 hours and then Act D for 4
hours. Heat shock protein levels under these conditions were determined via immunoblot
analysis for inducible HSP90α and constitutive HSP90β, inducible HSP70, constitutive
HSC70, HSP27, and the loading control β-actin for MM.1S cells.
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Increased cytotoxicity of Act D in sequential combination with 17-AAG in MM.1S and RPMI8226 cells
To determine if the combination of Act D and 17-AAG could result in increased
cytotoxicity, Annexin V/7-AAD assay was performed. Plotted data represent the mean of
three different experiments for each cell line. The endogenous cell death was subtracted
from each condition. Endogenous cell death in MM.1S cells was around 10 to15% and in
RPMI-8226 it ranged from 15 to 20%. In order to dilute the drugs, the concentration of
DMSO in 0.5 μM 17-AAG was 0.05% and in 0.05 μg/mL Act D was 0.005%. Therefore, the
combination treatment contained less DMSO concentration than the established noncytotoxic and tolerated amount by cells (<0.1%).
MM cells were treated with the previously mentioned sequential combination
schedule. MM cells were either not treated or treated with 0.5 μM 17-AAG alone for 8
hours, a combination treatment with 0.05 μg/mL Act D added first for 4 hours followed by
0.5 μM 17-AAG for 8 hours, or 0.05 μg/mL Act D alone for 12 hours. Eight-hour treatment
with 0.5 µM 17-AAG resulted in 5 and 4% cell death in MM.1S and RPMI-8226 cells,
respectively. When cells were treated with 0.05 µg/mL Act D, there was 38% cell death in
MM.1S cells and 34% cell death in RPMI-8226 cells (Figure 26A).

The sequential

combination of 0.05 µg/mL Act D and 17-AAG resulted in 49 and 41% cell death for MM.1S
and RPMI-8226 cells, respectively. Since these results suggested an additive effect when
both drugs were combined, lower concentrations (0.01 and 0.025 µg/mL) of Act D for 12
hours, alone or in combination with 0.5 µM 17-AAG, were tested for cytotoxicity in MM.1S
and RPMI-8226 cells (Figure 26B and C). MM cells treated with 17-AAG resulted in less
than 5% cytotoxicity. MM.1S cells treated with 0.01 and 0.025 µg/mL Act D for 12 hours
caused 7 and 30% cytotoxicity, respectively. In the combination condition, there was 11%
(0.01 µg/mL Act D) and 37% (0.025 Act D µg/mL) cell death in MM.1S cells. RMPI-8226
cells treated with 0.01 and 0.025 µg/mL Act D for 12 hours resulted in 11 and 30%

94

Figure 26. Increase cytotoxicity of Act D in sequential combination with 17-AAG in
MM.1S and RPMI-8226 cells

Percentages of cell death in untreated cells or cells treated with 0.5 µM 17-AAG for 8 hours,
(0.05 µg/mL (A), .025 µg/mL (B), or 0.01 µg/mL (C)) Act D for 12 hours, or the combination
of (0.05 µg/mL, .025 µg/mL, or 0.01 µg/mL) Act D for 4 hours followed by 17-AAG for 8
hours. Flow cytometry was performed to measure cell death, which was determined as the
percentage of cells staining positive for Annexin V/7-AAD after subtracting the percentage
of endogenous cell death. The plots represent mean and SD from triplicate experiments.
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cytotoxicity, in that order. In the combination condition, there was 35% (0.01 µg/mL Act D)
and 44% (0.025 Act D µg/mL) cell death in RPMI-8226 cells.
A fractional two-drug combination analysis as described in materials and methods
was performed (Table 2). This analysis determines if the observed cell death obtained with
annexin V/7-AAD binding assay is more than the calculated expected cell death for the
combination treatment. For example, for the combination condition with 0.05 µg/mL Act D
and 0.5 µM 17-AAG, the calculated expected cytotoxicity for the combination condition was
41 and 37% in MM.1S and RPMI-8226 cells, respectively. When comparing the observed
(measured) cell death against the expected (calculated) cell death, the measured
cytotoxicity for the combination condition was more than the expected cell death for the
same condition. However, student’s t-test analysis shows statistically significant difference
only in RPMI-8226 cell line between the expected and observed cell death values (MM.1S,
p = 0.183; RPMI-8226, p = 0.049). Calculation of the expected value for the combination of

Act D (0.01 µg/mL and 0.025 µg/mL) with 0.5 µM 17-AAG showed that the observed
(actual) cell death was higher. Student’s t-test analysis shows that this difference is
statistically significant. (MM.1S, p = 0.059 [0.01 µg/mL Act D], p = 0.015 [0.025 µg/mL];
RPMI-8226, p = 0.003 [0.01 µg/mL Act D], p = 0.019 [0.025 µg/mL]).

Taken together, there was a statistically significant increase in cytotoxicity with the
combination treatment for all Act D concentrations for RMPI-8226 cell line. However, in
MM.1S cells a significant increase in cytotoxicity was only measured for the combination
treatment using the lowest Act D concentrations (0.01 μg/mL and 0.025 µg/mL).
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Table 2. Increase cytotoxicity of Act D in sequential combination with 17-AAG in
MM.1S and RPMI-8226 cells

Cells were either left untreated or treated with 0.5 µM 17-AAG for 8 hours, (0.05 µg/mL,
.025 µg/mL, or 0.01 µg/mL) Act D for 12 hours, or the combination of (0.05 µg/mL, .025
µg/mL, or 0.01 µg/mL) Act D for 4 hours followed by 17-AAG for 8 hours. Flow cytometry
was performed to measure cell death, which was determined as the percentage of cells
staining positive for Annexin V/7-AAD after subtracting the percentage of endogenous cell
death. The expected percent survival for the combination condition was calculated following
the fractional two-drug combination analysis. Statistical significance (p < 0.05) comparing
17-AAG alone with the combination condition is shown.
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Table 2

MM.1S
Cell Death
Cell Survival

17-AAG

Act D

Combination

0.5 µM

0.05 μg/mL

Expected

Observed

5
95

38
62

41
59

49
p = 0.183

RPMI-8226
Cell Death
Cell Survival

0.5 µM

0.05 μg/mL

Expected

Observed

4
96

34
66

37
63

41
p = 0.049

MM.1S
Cell Death
Cell Survival

0.5 µM

0.025 μg/mL

Expected

Observed

2
98

30
70

31
69

37
p = 0.015

RPMI-8226
Cell Death
Cell Survival

0.5 µM

0.025 μg/mL

Expected

Observed

4
96

30
70

32
68

44
p = 0.019

MM.1S
Cell Death
Cell Survival

0.5 µM

0.01 μg/mL

Expected

Observed

2
98

7
93

9
91

11
p = 0.059

RPMI-8226
Cell Death
Cell Survival

0.5 µM

0.01 μg/mL

Expected

Observed

4
96

11
89

14
86

35
p = 0.003
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AIM 2: 8-Chloro-Adenosine

Inhibition of global RNA synthesis by 8-Cl-Ado in MM.1S and RPMI-8226 cells
The ribonucleoside analogue 8-Cl-Ado has different mechanisms of action that
include inhibition of RNA synthesis and reduction of the cellular ATP pool (Gandhi, Ayres et
al. 2001; Stellrecht, Rodriguez et al. 2003). To investigate if 8-Cl-Ado could diminish RNA
synthesis in MM cells, a [3H]uridine incorporation assay was performed (Figure 27). MM.1S
and RPMI-8226 cells were incubated with 10 μM 8-Cl-Ado for 4 and 8 hours, then
radioactive uridine (1μCi) was added to cell cultures in the last hour before harvesting the
cells. Cells were processed as described in materials and methods and the levels of
radioactivity were measured and normalized to the untreated control. Three independent
experiments for each condition in triplicate were performed. MM.1S cell line was more
sensitive to the actions of 8-Cl-Ado than RPMI-8226. A 25% decrease in global RNA
synthesis was observed after 4 hours, further decreasing to 50% after 8 hours. Treatment
with 8-Cl-Ado in RPMI-8226 cells caused only a 25% inhibition at both time points
compared to control.

Effect of 8-Cl-Ado and 17-AAG alone and in sequential combination on heat shock protein
mRNA levels in MM.1S and RPMI-8226 cells
The nucleoside analogue 8-Cl-Ado is phosphorylated into its cytotoxic triphosphate
8-Cl-ATP, which gets incorporated into RNA during transcription (Stellrecht, Rodriguez et
al. 2003). Once incorporated into RNA, poly(A) polymerase is unable to synthesize poly(A)
tails on RNA primers with 3’-terminal 8-Cl-AMP residues. In addition, 8-Cl-ATP inhibits
ATP-dependent poly(A) tail synthesis, and thus as a consequence mRNA processing is
inhibited (Chen and Sheppard 2004; Chen, Du-Cuny et al. 2010). To determine if the
transcription inhibitory actions of 8-Cl-Ado could abrogate the 17-AAG-mediated induction
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Figure 27. Inhibition of global RNA synthesis by 8-Cl-Ado

MM.1S and RPMI-8226 cells were treated with 10 μM 8-Cl-Ado for the indicated time points
and labeled with [3H]uridine for 1 hour before the end of treatment. Each column is plotted
as the percentage of untreated control and represents the mean and SD of three
independent experiments each done in triplicate.
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8h

of HSP mRNA levels, the transcript levels for heat shock proteins were measured using real
time RT-PCR. A sequential combination treatment was designed to verify if 8-Cl-Ado could
block transcription of antiapoptotic heat shock proteins. MM cells were left untreated or
treated with 0.5 μM 17-AAG alone for 8 hours, a combination treatment where 10 μM 8-ClAdo was added first and 12 hours later 0.5 μM 17-AAG was added for 8 hours, or 10 μM 8Cl-Ado for 20 hours alone (Figure 28). Cells were harvested and then RNA was isolated for
each condition. Primers and probes specific for the heat shock protein genes were used.
The housekeeping gene GAPDH was used for normalization and the data plotted as fold
change in comparison to the untreated control. Three independent experiments for each
condition treatment were performed in triplicate.

8-Cl-Ado did not diminish constitutive and stress-inducible HSP90 mRNA induced by 17AAG in MM.1S and RPMI-8226 cells
Transcript levels for the stress-inducible HSP90α and constitutive HSP90β isoforms
were measured in both MM cell lines under the conditions previously described (Figure 29).
HSP90α transcript levels in MM.1S and RPMI-8226 cells were induced with 17-AAG

treatment by approximately 3-fold (Figure 29A). However, this induction persisted with the
combination treatment in both cell lines, which implies that 8-Cl-Ado was not able to
abrogate the HSP90α-induction elicited by 17-AAG. The constitutive HSP90β mRNA levels
were induced to a lesser degree than the stress-inducible homologue transcript levels with
17-AAG treatment in MM.1S and RPMI-8226 cells (Figure 29B). Yet, it was not abrogated
in the combination treatment by 8-Cl-Ado. No statistical significant difference was
calculated for the heat shock protein mRNA levels in the combination treatment or 17-AAG
treatment alone. The treatment with 8-Cl-Ado as a single agent did not result in further
decrease in the basal levels of any of the inducible or constitutive HSP90 transcript levels.
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Figure 28. Drug schedule for 8-Cl-Ado and 17-AAG combination treatment

Cells were either not treated or treated with 0.5 μM 17-AAG for 8 hours, the combination of
8-Cl-Ado for 12 hours followed by 17-AAG for 8 hours, or 10 μM 8-Cl-Ado for 12 hours.
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Figure 29. 8-Cl-Ado did not diminish constitutive and stress-inducible HSP90 mRNA
induced by 17-AAG in MM.1S and RPMI-8226 cells

Cells were either not treated or treated with 0.5 μM 17-AAG for 8 hours, 10 μM 8-Cl-Ado for
12 hours, or the combination of 8-Cl-Ado for 12 hours followed by 17-AAG for 8 hours. After
RNA was isolated, inducible HSP90α (A) and constitutive HSP90β (B) mRNA levels were
measured using real-time RT-PCR technique. GAPDH was used as the endogenous gene
for normalization. mRNA levels are plotted as fold change in comparison with the untreated
control. Each column represents the mean and SD of triplicate experiments. Statistical
significance (p < 0.05) comparing 17-AAG alone with the combination condition is shown.
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8-Cl-Ado did not diminish constitutive HSC70 or stress-inducible HSP70 mRNA induced by
17-AAG in MM.1S and RPMI-8226 cells
The levels of stress-inducible HSP70 and constitutive HSC70 human isoforms were
also quantified (Figure 30). Treatment with 17-AAG triggered the elevation of HSP70 mRNA
levels in both cell lines by less than 3-fold (Figure 30A). Unexpectedly, the combination
treatment further elevated the levels of HSP70 by 13- and 4-fold in MM.1S and RPMI-8226
cells, respectively, in a statistically significant fashion.

Treatment with 8-Cl-Ado alone

resulted in increase mRNA levels of HSP70 by 2-fold compared to the untreated control.
This induction was absent in RPMI-8226 cells, and the transcripts of HSP70 remained at
basal levels following treatment with 8-Cl-Ado alone. In contrast, constitutive HSC70 mRNA
levels were induced equally in cells treated with 17-AAG alone and with the combination, by
less than 3-fold in both cell lines (Figure 30B). The ribonucleoside analog did not affect the
endogenous levels of constitutive HSC70 in either cell line. Hence, treatment with 8-Cl-Ado
alone did not abolish the stress response elicited by 17-AAG.

8-Cl-Ado did not diminish HSP27 mRNA induced by 17-AAG in MM.1S and RPMI-8226
cells
Finally, HSP27 mRNA levels were measured in MM cells treated under the
conditions previously described (Figure 31). Similar to the stress-inducible HSP70, the
mRNA levels of HSP27 were further induced in the combination treatment of 8-Cl-Ado and
17-AAG by 25-fold compared to the 9-fold induction measured with 17-AAG by itself in
MM.1S cells. The augmentation in the levels of HSP27 mRNA for the combination
treatment was determined to be statistically different from 17-AAG treatment as a single
agent. These unexpected results were not observed for RPMI-8226 cells, and treatment
with 17-AAG alone resulted in an 8-fold increase of HSP27 transcript levels that remained
the same in the combination treatment. While the results were quantitatively different in

108

Figure 30. 8-Cl-Ado did not diminish constitutive HSC70 or stress-inducible HSP70
mRNA induced by 17-AAG in MM-1S and RPMI-8226 cells

Cells were either not treated or treated with 0.5 μM 17-AAG for 8 hours, 10 μM 8-Cl-Ado for
12 hours, or the combination of 8-Cl-Ado for 12 hours followed by 17-AAG for 8 hours.
After RNA was isolated, inducible HSP70 (A) and constitutive HSC70 (B) mRNA levels
were measured using real-time RT-PCR technique. GAPDH was used as the endogenous
gene for normalization. mRNA levels are plotted as fold change in comparison with the
untreated control. Each column represents the mean and SD of triplicate experiments.
Statistical significance (p < 0.05) comparing 17-AAG alone with the combination condition is
shown.
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Figure 31. 8-Cl-Ado did not diminish HSP27 mRNA induced by 17-AAG in MM.1S and
RPMI-8226 cells

Cells were either not treated or treated with 0.5 μM 17-AAG for 8 hours, 10 μM 8-Cl-Ado for
12 hours, or the combination of 8-Cl-Ado for 12 hours followed by 17-AAG for 8 hours.
After RNA was isolated, HSP27 mRNA levels were measured using real-time RT-PCR
technique. GAPDH was used as the endogenous gene for normalization. mRNA levels are
plotted as fold change in comparison with the untreated control. Each column represents
the mean and SD of triplicate experiments. Statistical significance (p < 0.05) comparing 17AAG alone with the combination condition is shown.
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both cell lines, qualitatively they were similar as 8-Cl-Ado addition did not decrease HSP27
mRNA levels.

Effect of 8-Cl-Ado and 17-AAG alone and in combination on heat shock protein levels in
MM.1S, RPMI-8226, and U266 cells
Immunoblot analysis to detect for heat shock protein expression was performed to
determine if the observed increase in inducible heat shock protein transcripts following
treatment with 8-Cl-Ado and 17-AAG in combination were obtained at the heat shock
protein expression level (Figure 32). The same sequential combination treatment was
followed. MM cells were left untreated or treated with 0.5 μM 17-AAG alone for 8 hours; a
combination treatment where 10 μM 8-Cl-Ado was added first and 12 hours later 0.5 μM
17-AAG was added for 8 hours; or 10 μM 8-Cl-Ado alone for 20 hours. The cells were
harvested at the indicated time points, and immunoblot analysis for HSP90α/β, HSP70,
HSC70, and HSP27 proteins were performed using β-actin as a loading control. As
anticipated, HSP70 and HSP27 protein levels were increased with 17-AAG treatment in all
three cell lines (Figure 32). Similar to heat shock protein transcript levels, 17-AAG-induced
expression of heat shock proteins was not abrogated by 8-Cl-Ado addition in the
combination treatment. Treatment of 8-Cl-Ado alone did not affect the endogenous levels of
heat shock proteins in any cell line.
To quantify inducible and constitutive heat shock protein expression for 8-Cl-Ado,
17-AAG, and the combination treatment, three independent immunoblots were completed
for each MM cell line. The same sequential combination design and analysis was followed.
Stress-inducible and constitutive heat shock proteins were normalized with the endogenous
control β-actin and the fold change for each heat shock protein plotted in comparison to the
untreated control. Statistical analysis was performed and the p value is indicated comparing
the treatment with 17-AAG alone and the combination treatment.
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Figure 32. Effect of 8-Cl-Ado and 17-AAG alone and in combination on heat shock
protein levels in MM.1S, RPMI-8226, and U266 cells

Cells were either not treated or treated with 0.5 μM 17-AAG for 8 hours, 10 μM 8-Cl-Ado for
12 hours, or the combination of 8-Cl-Ado for 12 hours followed by 17-AAG for 8 hours.
Immunoblot analyses were performed to detect heat shock protein levels for these
conditions using antibodies for inducible HSP90α and constitutive HSP90β, inducible
HSP70, constitutive HSC70, HSP27, and the loading control β-actin for MM.1S (A), RPMI8226 (B) and U266 (C) cells.
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8-Cl-Ado and 17-AAG did not affect HSP90α/β expression levels in MM.1S or RPMI-8226,
only in U266 cells
In MM.1S cells, HSP90α/β protein levels were not induced following 17-AAG
treatment although 8-Cl-Ado was able to diminish the endogenous levels of this protein by
50% alone and in the combination treatment (Figure 33). In RPMI-8226 cells, HSP90α/β
protein levels were not significantly affected with any of the condition treatments. In U266
cells, protein levels for constitutive/stress-inducible HSP90 were not increase by 17-AAG
treatment. Similar levels of reduction were obtained for HSP90α/β with the combination
treatment and 8-Cl-Ado treatment alone. A statistically significant decrease of heat shock
protein expression in the combination treatment versus 17-AAG alone was only obtained for
HSP90α/β protein levels in U266 cells.

8-Cl-Ado did not diminish 17-AAG-mediated induction of constitutive HSC70 and stressinducible HSP70 expression levels in MM.1S and RPMI-8226 cells, only in U266 cells
In MM.1S cells, stress inducible levels of HSP70 were increased by more than 10fold with 17-AAG treatment, however 8-Cl-Ado was unable to abrogate this induction in the
combination sequence (Figure 34A). The constitutive levels of HSC70 were not changed in
a noticeable way for any condition treatment (Figure 34B). In RPMI-8226 cells, there was
no significant change in HSP70 and HSC70 levels under any of the conditions assessed
(Figure 34A and B). In U266 cells, HSP70 expression was induced by 5-fold with 17-AAG,
which was diminished 50% by 8-Cl-Ado in the combination treatment (Figure 34A).
Endogenous levels on HSP70 were not altered following 8-Cl-Ado treatment as a single
agent. When cells where treated with 17-AAG alone, constitutive HSC70 levels were
induced to a minimal extent (Figure 34B). HSC70 protein levels in the combination
treatment and 8-Cl-Ado treatment were diminished approximately by 50% in MM.1S and
U266 cells when compared to the untreated control, and no change was observed in RPMI-
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Figure 33. 8-Cl-Ado did not affect HSP90α/β expression levels in MM.1S or RPMI8226, only in U266 cells

Immunoblot assays were performed in triplicate and quantified using Odyssey infrared
imaging system application software (version 1.2). Protein levels for HSP90α/β were
normalized to β-actin. Data represents three independent immunoblots plotted as means
plus SD. Statistical significance (p < 0.05) comparing 17-AAG alone with the combination
condition is shown.
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Figure 34. 8-Cl-Ado did not diminish 17-AAG-mediated induction of constitutive
HSC70 and stress-inducible HSP70 expression levels in MM.1S or RPMI-8226, only in
U266 cells

Immunoblot assays were performed in triplicate and quantified using Odyssey infrared
imaging system application software (version 1.2). Protein levels for inducible HSP70 (A)
and constitutive HSC70 (B) were normalized to β-actin. Data represents three independent
immunoblots plotted as means plus SD. Statistical significance (p < 0.05) comparing 17AAG alone with the combination condition is shown.
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8226 cells. A statistically significant decrease of heat shock protein expression in the
combination treatment versus 17-AAG alone was only obtained for constitutive HSC70
protein levels in U266 cells.

8-Cl-Ado did not diminish 17-AAG-mediated induction of HSP27 expression levels in
MM.1S, RPMI-8226, or U266 cells
Finally, HSP27 levels in MM.1S cells were induced by 15-fold following 17-AAG
treatment compared to the untreated control, and this level of induction remained the same
in the combination treatment (Figure 35). Similar to induction of HSP27 transcript levels
(Figure 31), treatment with 8-Cl-Ado alone also caused an increased of HSP27 protein by
4-fold in MM.1S cell line. In RPMI-8226 cells, HSP27 expression levels resulted in a 4-fold
increase with 17-AAG treatment, which was not diminished by 8-Cl-Ado in the combination
condition. In the cell line U266, HSP27 expression remained constant with the different
treatments and treatment with 8-Cl-Ado alone did not affect HSP27 expression.

Taken together, these immunoblot assays indicated that 8-Cl-Ado was not able to
abrogate 17-AAG-mediated induction of heat shock proteins. The p values comparing 17AAG treatment alone and 8-Cl-Ado in combination with 17-AAG treatment resulted in no
statistical significant difference for any of the heat shock proteins in any cell line except for
HSP90α/β and constitutive HSC70 in U266 cells (Figures 33 and 34B)).

Effect of other 8-Cl-Ado and 17-AAG combination sequences on heat shock protein levels
in U266 cells
In order to elucidate whether the sequence of 8-Cl-Ado and 17-AAG in the
combination treatment had a different effect on heat shock protein expression, two other
combinations were tested in U266 cells (Figure 36). In the first combination sequence
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Figure 35.8-Cl-Ado did not diminish 17-AAG-mediated induction of HSP27 expression
levels in MM.1S, RPMI-8226, or U266 cells

Immunoblot assays were performed in triplicate and quantified using Odyssey infrared
imaging system application software (version 1.2). Protein levels for HSP27 were
normalized to β-actin. Data represents three independent immunoblots plotted as means
plus SD. Statistical significance (p < 0.05) comparing 17-AAG alone with the combination
condition is shown.
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U266

Figure 36. Effect of other 8-Cl-Ado and 17-AAG combination sequences on heat
shock protein levels in U266 cells

Cells were either left untreated (U) or treated with 10 µM 8-Cl-Ado for 20 hours, 0.5 µM 17AAG for 20 hours, the combination of 17-AAG for 12 hours followed 8-Cl-Ado for 8 hours,
10 µM 8-Cl-Ado for 12 hours, or combination of 8-Cl-Ado and 17-AAG added
simultaneously for 20 hours. Immunoblot analyses were performed to detect protein levels
for inducible/constitutive HSP90α/β, inducible HSP70, constitutive HSC70, HSP27, and the
loading control β-actin in U266 cells.
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tested, cells were treated with 0.5 μM 17-AAG for 20 hours alone, treated first with 0.5 μM
17-AAG for 8 hours followed by 10 μM 8-Cl-Ado for 12 hours for the combination treatment,
or treated with 10 μM 8-Cl-Ado for 12 hours alone. For the second combination condition,
10 μM 8-Cl-Ado and 0.5 μM 17-AAG were added simultaneously for 20 hours, and the two
parallel conditions with the single agents alone were included. Cells were harvested at the
end of each treatment time point, and immunoblot analysis for HSP90α/β, HSP70, HSC70,
and HSP27 proteins were performed using β-actin as a loading control. As expected,
addition of 17-AAG to the conditions triggered induction of heat shock protein expression in
U266 cells. However, 8-Cl-Ado was not able to diminish this induction in any of the
combination sequences. By itself, 8-Cl-Ado treatment did not result in any change in heat
shock protein levels.
To quantify these results, three different immunoblots were performed for the three
different condition treatments in U266 cells. The same sequential and simultaneous
combination designs were tested and immunoblot analysis were performed. Stressinducible and constitutive heat shock proteins were normalized with the endogenous control
β-actin and the fold change for each heat shock protein plotted in comparison to the
untreated control. The p value compares 17-AAG treatment alone versus the combination
treatment.

( i ) 17-AAG →8-Cl-Ado sequential combination

U266 cells were left untreated or treated with 0.5 μM 17-AAG for 20 hours alone, 10
μM 8-Cl-Ado for 12 hours alone, or treated first with 0.5 μM 17-AAG for 8 hours followed by
10 μM 8-Cl-Ado for 12 hours. Immunoblot analysis indicated that HSP90α/β protein levels
remained at endogenous levels after 17-AAG or combination treatment (Figure 37). On the
other hand, 8-Cl-Ado as a single treatment diminished HSP90α/β levels by 50% in
comparison to the untreated control. Inducible HSP70 protein levels were induced by 5-fold
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Figure 37. Effect of other 8-Cl-Ado and 17-AAG combination sequences on heat
shock protein levels in U266 cells
( i ) 17-AAG →8-Cl-Ado sequential combination

U266 cells were left untreated or treated with 0.5 µM 17-AAG for 20 hours, the sequential
combination of 0.5 µM 17-AAG for 8 hours followed by 10 µM 8-Cl-Ado for 12 hours, or 10
µM 8-Cl-Ado for 12 hours. Immunoblot assays were performed in duplicate and quantified
using Odyssey infrared imaging system application software (version 1.2). Protein levels for
HSP90α/β, inducible HSP70, constitutive HSC70, and HSP27 were normalized to β-actin.
Data represents two independent immunoblots plotted as means plus SD. Statistical
significance (p < 0.05) comparing 17-AAG alone with the combination condition is shown.
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following 17-AAG treatment alone or in combination with 8-Cl-Ado compared to the
untreated control. This suggests that the transcription inhibitory actions of the nucleoside
analogue, 8-Cl-Ado, could not block 17-AAG-regulated HSP70 transcription-induction.
Treatment with 8-Cl-Ado as a single agent did not affect HSP70 protein levels. Constitutive
HSC70 expression levels remained similar to endogenous levels as measured in the
untreated control after 17-AAG and 8-Cl-Ado treatments as single agents or in combination.
Similarly, HSP27 levels were not changed following the addition of either 17-AAG or 8-ClAdo alone, nor in their combination treatment. The calculated p values for all heat shock
proteins did not indicate a statistical difference between 17-AAG as a single treatment or its
sequential combination with 8-Cl-Ado.

( ii ) 8-Cl-Ado + 17-AAG simultaneous combination

U266 cells were left untreated or treated with 10 μM 8-Cl-Ado for 20 hours alone,
0.5 μM 17-AAG for 20 hours by itself, or treated simultaneously with 10 μM 8-Cl-Ado and
0.5 μM 17-AAG for 20 hours. HSP90α/β protein levels were not induced with 17-AAG or 8Cl-Ado treatment as single agents (Figure 38). Expression of this chaperone was
diminished by 50% in the combination treatment when compared to 17-AAG treatment.
HSP70 levels were induced by 5-fold with addition of 17-AAG alone. This increase however
was not blocked in the combination treatment, resulting also in a similar 5-fold induction of
HSP70 protein levels. In contrast, HSC70 levels were not changed after addition of any of
the agents by themselves or in combination. In a similar manner, HSP27 remained at
endogenous levels comparable to the untreated control after treatment with 17-AAG or 8Cl-Ado alone or in combination. When 17-AAG alone and the combination where
compared, only the difference in HSP90α/β expression was found to be statistically
significant.
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Figure 38. Effect of other 8-Cl-Ado and 17-AAG combination sequences on heat
shock protein levels in U266 cells
( ii ) 8-Cl-Ado + 17-AAG simultaneous combination

U266 cells were left untreated or treated with 0.5 µM 17-AAG for 20 hours, the
simultaneous combination of 0.5 µM 17-AAG and 10 µM 8-Cl-Ado for 20 hours, or 10 µM 8Cl-Ado for 20 hours. Immunoblot assays were performed in duplicate and quantified using
Odyssey infrared imaging system application software (version 1.2). Protein levels for
HSP90α/β, inducible HSP70, constitutive HSC70, and HSP27 were normalized to β-actin.
Data represents two independent immunoblots plotted as means plus SD. Statistical
significance (p < 0.05) comparing 17-AAG alone with the combination condition is shown.
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In summary, addition of 8-Cl-Ado in any of the two different combination sequences
in U266 cells did not result in a reduction of the heat shock protein levels induced by 17AAG treatment.

Effect of 8-Cl-Ado and 17-AAG alone and in combination on GRP protein levels in MM.1S
cells
Diminishing the bioenergetic pool levels of the cell is one of the mechanisms by
which 8-Cl-Ado exerts cytotoxicity (Gandhi, Ayres et al. 2001).

Glucose deprivation

(metabolic homeostatic perturbation) is a strong inducer of endoplasmic reticulum stress
triggering the UPR, which results in elevation of GRP78 and GRP94, the HSP homologues
in the ER. Although is not known to what extent ATP depletion is accountable for ER-stress
induction (Schroder 2008). It has been reported that treatment with HSP90 inhibitors are
able to activate the UPR (Davenport, Moore et al. 2007). Hence, GRP78 and GRP94
protein levels were measured to determine if the combination treatment of 8-Cl-Ado and 17AAG could affect their endogenous levels (Figure 39). MM.1S cells were left untreated or
treated with 0.5 μM 17-AAG for 8 hours, 10 μM 8-Cl-Ado for 20 hours, or the combination of
8-Cl-Ado for 12 hours and then 17-AAG for 8 hours. Cells were harvested at the end of
each treatment and immunoblots were performed to detect for GRP94 and GRP78 protein
levels as well as β-actin. Compared to the untreated control, no noticeable changes in the
levels of these ER chaperones were observed for any condition treatment. In order to
establish if reproducible results could be obtained, three independent immunoblots were
performed (Figure 40). GRP protein levels were normalized against β-actin and plotted as
fold change in comparison to the untreated control. The p value compares 17-AAG
treatment alone and the sequential combination treatment. GRP94 and GRP78 levels
remained similar to endogenous levels in the untreated control regardless of 17-AAG and 8-
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Figure 39. Effect of 8-Cl-Ado and 17-AAG alone and in combination on GRP protein
levels in MM.1S cells

Cells were not treated (U) or treated with 0.5 μM 17-AAG for 8 hours, 10 μM 8-Cl-Ado for
20 hours, or the combination of 8-Cl-Ado for 12 hours followed by 17-AAG for 8 hours.
Immunoblot analysis were perfomed to evaluate GRP protein levels for these conditions
using antibodies for GRP94, GRP78, and the loading control β-actin in MM.1S cells.
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Figure 40. 8-Cl-Ado and 17-AAG alone and in combination did not affect GRP protein
levels in MM.1S cells

Immunoblot assays were performed in triplicate and quantified using Odyssey infrared
imaging system application software (version 1.2). Protein levels for GRP94 and GRP78
were normalized to β-actin. Data represents three independent immunoblots plotted as
means plus SD. Statistical significance (p < 0.05) comparing 17-AAG alone with the
combination condition is shown.
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p=0.11

Cl-Ado treatments. As expected, the calculated p value comparing 17-AAG treatment alone
and the sequential combination condition showed no statistical significance.

Effect of 8-Cl-Ado and 17-AAG alone and in combination STAT3, Raf-1, and Akt client
protein levels in MM.1S, RPMI-8226, and U266 cells
Notorious oncoproteins, such as STAT-3, Raf-1, and Akt, are part of redundant
signaling cascades. 17-AAG and other HSP90 inhibitors are unique in their ability to
simultaneously downregulate numerous client oncoprotein substrates by increasing their
turnover rate (Neckers and Neckers 2002). 8-Cl-Ado can inhibit transcription and translation
processes due to its actions not only on RNA incorporation and termination but also on the
decrease of endogenous ATP pool levels (Gandhi, Ayres et al. 2001; Stellrecht, Rodriguez
et al. 2003; Chen, Nowak et al. 2009). To investigate if the combination of both agents
could further decrease the levels of client oncoproteins in the cells through their different
mechanisms of action, immunoblot analysis using antibodies against STAT-3, Raf-1, Akt,
and the loading control β-actin were performed (Figure 41). Cells were left untreated or
treated with 0.5 μM 17-AAG for 8 hours, 10 μM 8-Cl-Ado for 20 hours, or the combination of
8-Cl-Ado for 12 hours and then 17-AAG for 8 hours.
In MM.1S cells, 17-AAG treatment as single agent caused a minimal decrease in all
client protein levels. 8-Cl-Ado treatment by itself decreased client protein expression no
more than 40%. However, the combination of both agents resulted in a drastic decrease
(>75%) of STAT-3, Raf-1, and Akt compared to not only the untreated control but also to
the single agents (Figure 41A). This effect though, was not observed for Akt protein levels
in RPMI-8226 cells. Furthermore, the levels of STAT-3 and Raf-1 client proteins were
diminished to some extent with 17-AAG by itself but this reduction was not observed in the
combination treatment (Figure 41B). In U266 cells, 8 hour treatment with 17-AAG did not
affect protein levels to a considerable degree. In a similar manner, 8-Cl-Ado treatment did
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Figure 41. Effect of 8-Cl-Ado and 17-AAG alone and in combination on STAT3, Raf-1,
and Akt client protein levels in MM.1S, RPMI-8226, and U266 cells

Cells were not treated (U) or treated with 0.5 μM 17-AAG for 8 hours, 10 μM 8-Cl-Ado for
20 hours, or the combination of 8-Cl-Ado for 12 hours followed by 17-AAG for 8 hours.
Immunoblot analyses were performed to detect protein levels for STAT3, Raf-1, Akt, and
the loading control β-actin in MM.1S (A), RPMI-8226 (B), and U266 (C) cells.
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not affect client protein levels. However, combination of 17-AAG and 8-Cl-Ado resulted in
further reduction of STAT-3, Raf-1, and Akt protein levels (Figure 41C).
Three independent immunoblots were performed in order to quantify the decrease
of the client proteins observed with the combination treatment. Antibodies raised against
STAT-3, Raf-1, Akt and β-acting were utilized. Client protein levels were normalized against
β-actin and plotted as fold change in comparison to the untreated control. The p values
compare the combination treatment versus the single agents and the untreated condition.

Combination of 8-Cl-Ado followed by 17-AAG decreased STAT3 expression levels in
MM.1S, RPMI-8226, and U266 cells
In MM.1S cells, STAT-3 expression levels were not decreased with the 8 hour 17AAG treatment (Figure 42). 8-Cl-Ado alone only diminished levels by 10%. Conversely,
their combination decreased STAT-3 by 60%. The calculated p values showed that this
decrease in the combination treatment was statistically significant when compared to single
agents and untreated conditions. In RPMI-8226 cells, STAT3 protein levels were decreased
by 50% with 17-AAG treatment when compared to the untreated control. 8-Cl-Ado alone or
in the combination treatment did not diminish client protein levels in a statistically significant
manner (Figure 42). For the U266 cell line, STAT3 expression levels were decreased by
10% when 17-AAG was added to the cells. 8-Cl-Ado was able to cause a 40% decrease of
STAT-3 protein levels when compared to the control (Figure 42). The combination of both
agents resulted in a reduction of STAT3 levels by 50% when compared to the untreated
control. The decrease in the combination condition in comparison to the other treatments
was statistically significant (p < 0.05).
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Figure 42. Combination of 8-Cl-Ado followed by 17-AAG decreased STAT3
expression levels in MM.1S, RPMI-8226, and U266 cells

Immunoblot assays were performed in triplicate and quantified using Odyssey infrared
imaging system application software (version 1.2). Protein levels for STAT3 were
normalized to β-actin. Data represents three independent immunoblots plotted as means
plus SD. Statistical significance (p < 0.05) comparing the combination condition with 17AAG alone, 8-Cl-Ado alone, or the untreated control is shown.
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Combination of 8-Cl-Ado followed by 17-AAG decreased Raf-1 expression levels in MM.1S,
RPMI-8226, and U266 cells
In MM.1S cells, Raf-1 expression levels were not decreased with the 8 hour 17-AAG
treatment (Figure 43). 8-Cl-Ado alone diminished Raf-1 protein levels by 40%. The
combination treatment decreased Raf-1 protein levels by 90%. This reduction was
statistically significant (p = 0.006) when compared to the untreated control. In RPMI-8226
cells, Raf-1 protein levels were only minimally decreased with 17-AAG treatment (Figure
43). Similarly, 8-Cl-Ado alone or in the combination treatment did not diminish client protein
levels in a significant manner. In U266 cells, Raf-1 levels were decreased by 10% when 17AAG was added to the cells (Figure 43). 8-Cl-Ado was able to cause a 20% decrease of
Raf-1 protein levels. The combination of both agents resulted in a reduction of 60% when
compared to the untreated control, which was statistically significant (p = 0.03).

Combination of 8-Cl-Ado followed by 17-AAG decreased Akt expression levels in MM.1S,
RPMI-8226, and U266 cells
In MM.1S cells, Akt expression levels were not markedly decreased following 17AAG treatment (Figure 44). 8-Cl-Ado alone diminished client protein levels by 30%. Their
combination decreased Akt protein levels by 80%. The calculated p values showed that this
decreased in the combination treatment was statistically significant when compared to
single agents and untreated condition. In RPMI-8226 cells, Akt levels were only minimally
decreased with 17-AAG (Figure 44). 8-Cl-Ado alone did not affect Akt protein levels;
however, the combination treatment diminished client protein levels in a significant manner
(p = 0.04) when compared to the untreated control. In U266 cells, Akt protein levels were
decreased by 10% with 17-AAG. 8-Cl-Ado only caused a 5% decrease in Akt protein levels
when compared to the control (Figure 44). The combination of both agents resulted in a
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Figure 43. Combination of 8-Cl-Ado followed by 17-AAG decreased Raf-1 expression
levels in MM.1S, RPMI-8226, and U266 cells

Immunoblot assays were performed in triplicate and quantified using Odyssey infrared
imaging system application software (version 1.2). Protein levels for Raf-1 were normalized
to β-actin. Data represents three independent immunoblots plotted as means plus SD.
Statistical significance (p < 0.05) comparing the combination condition with 17-AAG alone,
8-Cl-Ado alone, or the untreated control is shown.
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Figure 44. Combination of 8-Cl-Ado followed by 17-AAG decreased Akt expression
levels in MM.1S, RPMI-8226, and U266 cells

Immunoblot assays were performed in triplicate and quantified using Odyssey infrared
imaging system application software (version 1.2). Protein levels for Akt were normalized to
β-actin. Data represents three independent immunoblots plotted as means plus SD.
Statistical significance (p < 0.05) comparing the combination condition with 17-AAG alone,
8-Cl-Ado alone, or the untreated control is shown.
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reduction of 50% Akt, when compared to the untreated control, this reduction was
statistically significant (p = 0.03).

Effect of other 8-Cl-Ado and 17-AAG combination sequences on STAT3, Raf-1, and Akt
client protein levels in U266 cells
In order to elucidate whether the sequence of the drugs in the combination
treatment had a different effect on the client protein levels, two other combination
sequences were tested in U266 cells (Figure 45). For the first combination sequence
evaluated, cells were treated with 0.5 μM 17-AAG for 20 hours alone, treated first with 0.5
μM 17-AAG for 8 hours and then 10 μM 8-Cl-Ado was added for 12 hours for the
combination treatment, or treated with 10 μM 8-Cl-Ado for 12 hours alone. For the second
combination condition, 10 μM 8-Cl-Ado and 0.5 μM 17-AAG were added simultaneously for
20 hours, and parallel cultures with the single agents were also treated for 20 hours. The
cells were harvested at the end of each treatment, and immunoblot analysis was performed
using antibodies against STAT-3, Raf-1, Akt and the loading control β-actin to evaluate
changes in those protein levels. As expected, 17-AAG treatment for 20 hours reduced the
client protein levels in U266 cell line. 8-Cl-Ado treatment as a single agent was not able to
diminish to a noticeable extent of any of the client protein levels. However, both
combination treatments lessened STAT-3, Raf-1, and Akt protein levels in a drastic manner.
In both condition treatments, all of the client proteins were reduced by more than 60% when
compared to the untreated control (Figure 45).
To determine if these were reproducible results, three different immunoblots were
performed for the three different condition treatments in U266 cells. The same sequential
and simultaneous combination designs were tested and immunoblot analyses were
performed (Figure 46 and 47). The levels of client proteins STAT3, Raf-1, and Akt were
normalized to β-actin and plotted as fold change in comparison to the untreated control.
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Figure 45. Effect of other 8-Cl-Ado and 17-AAG combination sequences on STAT3,
Raf-1, and Akt client protein levels in U266 cells

Cells were either left untreated (U) or treated with 10 µM 8-Cl-Ado for 20 hours, 0.5 µM 17AAG for 20 hours, the combination of 17-AAG for 12 hours followed 8-Cl-Ado for 8 hours,
10 µM 8-Cl-Ado for 12 hours, or combination of 8-Cl-Ado and 17-AAG added
simultaneously for 20 hours. Immunoblot analyses were performed to detect protein levels
for STAT3, Raf-1, Akt and the loading control β-actin in U266 cells.
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The p values compare the combination treatment versus the single agents and the
untreated condition.

( i ) 17-AAG→8-Cl-Ado sequential combination

U266 cells were left untreated or treated with 0.5 μM 17-AAG for 20 hours alone,
treated first with 0.5 μM 17-AAG for 8 hours followed by 10 μM 8-Cl-Ado for 12 hours, or
treated with 10 μM 8-Cl-Ado for 12 hours alone. Treatment with 17-AAG for 20 hours alone
diminished levels of all client proteins by 50% compared to the endogenous levels in the
untreated control (Figure 46). In a similar manner, treatment with the ribonucleoside
analogue 8-Cl-Ado resulted in a 50% decrease of STAT-3 and Raf-1 when compared to the
untreated control; however, Akt protein levels were unchanged. The combination of both
agents reduced all client protein levels in a statistically significant manner by approximately
50% compared to treatment with 17-AAG alone. Hence, compared to the untreated control,
the combination condition reduced the levels of the client proteins by 70% or more.

( ii ) 8-Cl-Ado+17-AAG simultaneous combination

U266 cells were left untreated or treated with 0.5 μM 17-AAG for 20 hours, 10 μM 8Cl-Ado for 20 hours, or treated simultaneously with 10 μM 8-Cl-Ado and 0.5 μM 17-AAG for
20 hours. Treatment with 17-AAG for 20 hours diminished levels of all client proteins by
50% compared to the endogenous levels in the untreated control (Figure 47). Treatment
with 8-Cl-Ado for 20 hours resulted in 40, 20, and 5% decrease of STAT-3, Raf-1, and Akt
protein levels, respectively, when compared to the endogenous levels in the untreated
control. Notably, the simultaneous addition of both agents to U266 cells resulted in a further
lessening of STAT-3, Raf-1, and Akt protein levels by 50, 90, and 80%, respectively, in
comparison to the untreated control. Furthermore, when the client protein levels of the
combination condition were compared to the client protein levels from the 17-AAG
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Figure 46. Effect of other 8-Cl-Ado and 17-AAG combination sequences on STAT3,
Raf-1, and Akt client protein levels in U266 cells
( i ) 17-AAG →8-Cl-Ado sequential combination

U266 cells were either left untreated or treated with 0.5 µM 17-AAG for 20 hours, the
sequential combination of 0.5 µM 17-AAG for 8 hours followed by 10 µM 8-Cl-Ado for 12
hours, or 10 µM 8-Cl-Ado for 12 hours. Immunoblot assays were performed in duplicate
and quantified using Odyssey infrared imaging system application software (version 1.2).
Protein levels for STAT3, Raf-1, and Akt were normalized to β-actin. Data represents two
independent immunoblots plotted as means plus SD. Statistical significance (p < 0.05)
comparing the combination condition with 17-AAG alone, 8-Cl-Ado alone, or the untreated
control is shown.
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Figure 47. Effect of other 8-Cl-Ado and 17-AAG combination sequences on STAT3,
Raf-1, and Akt client protein levels in U266 cells
( ii ) 8-Cl-Ado+17-AAG simultaneous combination

U266 cells were either left untreated or treated with 0.5 µM 17-AAG for 20 hours, 10 µM 8Cl-Ado for 20 hours, or 0.5 µM 17-AAG and 10 µM 8-Cl-Ado added simultaneous for 20
hours.

Immunoblot assays were performed in duplicate and quantified using Odyssey

infrared imaging system application software (version 1.2). Protein levels for STAT3, Raf-1,
and Akt were normalized to β-actin. Data represents from two independent immunoblots
plotted the mean plus SD. Statistical significance (p < 0.05) comparing the combination
condition with 17-AAG alone, 8-Cl-Ado alone, or the untreated control is shown.
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treatment, the difference between both treatments was statistically significant for STAT3
and Raf-1, but not Akt. However, when the client protein levels in the untreated control
were compared to the protein levels in the combination treatment, a statistically significant
decrease (p < 0.05) was calculated.

In summary, any of the three different combinations of 8-Cl-Ado and 17-AAG
resulted in a statistically significant decrease of STAT3, Raf-1, and Akt client protein levels
in all the evaluated MM cell lines when compared to the untreated control. The only
exception was Raf-1 protein levels in RPMI-8226 cells (8-Cl-Ado→17-AAG sequential
treatment) where the p value was found to be not statistically significant when compared to
the untreated control (Figure 43, p = 0.17).

Effect of 8-Cl-Ado and 17-AAG alone and in combination on STAT-3, Raf-1, and Akt client
protein mRNA levels in MM.1S and RPMI-8226 cells
To investigate if the clear reduction in STAT-3, Raf-1, and Akt expression observed
in the combination treatment was due to a decrease in their mRNA levels, real time RTPCR measuring for STAT-3, Raf-1, and Akt transcripts was performed (Figures 48, 49, and
50). Primers and probes specific for STAT-3, Raf-1, and Akt were used to detect mRNA
levels of these client proteins. MM cells were either left untreated or treated with 0.5 µM 17AAG for 8 hours, the combination of 10 µM 8-Cl-Ado for 12 hours followed by 0.5 µM 17AAG for 8 hours, or 10 µM 8-Cl-Ado for 20 hours. Cells were harvested following drug
treatment and RNA isolated for each condition as described in material and methods.
Condition treatments were normalized using the housekeeping gene GAPDH and the data
plotted as fold change in comparison to the untreated control. Three independent
experiments with each condition treatment done in triplicate were performed.
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8-Cl-Ado and 17-AAG alone or in combination did not affect STAT3 transcript levels in
MM.1S and RPMI-8226 cells
In the cell line MM.1S there was a no increase in STAT3 transcript levels after 17AAG treatment alone (Figure 48).

A 2-fold increase in STAT3 transcript levels was

observed following 8-Cl-Ado treatment as well as with the combination treatment.
Regardless of the effect of 8-Cl-Ado in STAT3 mRNA transcripts, no significant difference
was calculated for any of the condition treatments. In RPMI-8226 cells, no significant
change was observed for any of the condition treatments (Figure 48).

8-Cl-Ado and 17-AAG alone or in combination did not affect Raf-1 transcript levels in
MM.1S and RPMI-8226 cells
In MM.1S cells treatment with 17-AAG resulted in a decrease in Raf-1 mRNA levels
by 50% when compared to the untreated control (Figure 49). A 40% reduction of Raf-1
transcripts was measured in the combination treatment. Treatment with 8-Cl-Ado alone did
not affect the transcript levels of Raf-1. When comparing the combination treatment to the
single agents or the untreated control, no statistical difference was calculated. In RMPI8226 cells, 8-Cl-Ado and 17-AAG either alone or in combination did not affect the transcript
levels of Raf-1 (Figure 49).

8-Cl-Ado and 17-AAG alone or in combination did not affect Akt transcript levels in MM.1S
cells, only effect observed in RPMI-8226 cells for the combination treatment
In MM.1S cells, no significant change was determined for any of the treatments
being evaluated (Figure 50). In RPMI-8226 cells, there was a small increase following 17AAG treatment, which was not statistically significant. Treatment with 8-Cl-Ado alone did
not have an effect on Akt transcript levels in this cell line. A small increment in Akt mRNA
levels were measured in the combination treatment (less than 1.5-fold), and surprisingly,
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Figure 48. 8-Cl-Ado and 17-AAG alone or in combination did not affect STAT3
transcript levels in MM.1S and RPMI-8226 cells

Cells were left untreated or treated with 0.5 μM 17-AAG for 8 hours, 10 μM 8-Cl-Ado for 20
hours, or the combination of 10 μM 8-Cl-Ado for 12 h followed by 0.5 μM 17-AAG for 8
hours. Total RNA was isolated and STAT3 mRNA levels were measured using real-time
RT-PCR and represented as fold change in comparison with the untreated control. GAPDH
was used as the endogenous gene for normalization and each column represents the mean
and SD of triplicate experiments. Statistical significance (p < 0.05) comparing the
combination condition with 17-AAG alone, 8-Cl-Ado alone, or the untreated control is
shown.
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Figure 49. 8-Cl-Ado and 17-AAG alone or in combination did not affect Raf-1
transcript levels in MM.1S and RPMI-8226 cells

Cells were left untreated or treated with 0.5 μM 17-AAG for 8 hours, 10 μM 8-Cl-Ado for 20
hours, or the combination of 10 μM 8-Cl-Ado for 12 h followed by 0.5 μM 17-AAG for 8
hours. Total RNA was isolated and Raf-1 mRNA levels were measured using real-time RTPCR and represented as fold change in comparison with the untreated control. GAPDH
was used as the endogenous gene for normalization and each column represents the mean
and SD of triplicate experiments. Statistical significance (p < 0.05) comparing the
combination condition with 17-AAG alone, 8-Cl-Ado alone, or the untreated control is
shown.
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Figure 50. 8-Cl-Ado and 17-AAG alone or in combination did not affect Akt transcript
levels in MM.1S cells, only effect observed in RPMI-8226 cells for the combination
treatment

Cells were left untreated or treated with 0.5 μM 17-AAG for 8 hours, 10 μM 8-Cl-Ado for 20
hours, or the combination of 10 μM 8-Cl-Ado for 12 h followed by 0.5 μM 17-AAG for 8
hours. Total RNA was isolated and Akt mRNA levels were measured using real-time RTPCR and represented as fold change in comparison with the untreated control. GAPDH
was used as the endogenous gene for normalization and each column represents the mean
and SD of triplicate experiments. Statistical significance (p < 0.05) comparing the
combination condition with 17-AAG alone, 8-Cl-Ado alone, or the untreated control is
shown.
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the increase was statistically significant when compared to the untreated control (p = 0.02)
(Figure 50).

In summary, there was not a statistically significant decrease or increase detected in
STAT3, Raf-1, or Akt transcript levels with any of the treatments in neither cell line. An
exception was observed for Akt mRNA levels with the combination treatment in RPMI-8226.
Although there was a small induction of Akt transcript, this proved to be statistically
significant. Therefore, the decrease in STAT3, Raf-1, and Akt expression levels in the
combination treatment are not due to a decrease in STAT3, Raf-1, and Akt transcript levels.

Cellular metabolism: accumulation of 8-Cl-Ado cytotoxic triphosphate and concomitant ATP
concentration decrease in MM.1S cells
In the cell, treatment with 8-Cl-Ado results in its phosphorylation to the cytotoxic
triphosphate form (8-Cl-ATP). The accumulation of the cytotoxic metabolite results in a
parallel decrease of the ATP cellular pools (Gandhi, Ayres et al. 2001; Chen, Nowak et al.
2009). MM.1S cells were treated with 10 µM 8-Cl-Ado as a function of time in order to
determine the accumulation of 8-Cl-ATP and potential depletion of cellular ATP pools
(Figure 51). Cells were harvested following treatment and 8-Cl-ATP and ATP levels in each
condition were analyzed and measured by HPLC methods as described in materials and
methods. Each time point was performed in triplicate. Cellular ATP levels are represented
as percentage of the untreated control (endogenous ATP levels 3 mM). A parallel decrease
in ATP pools is observed with increasing accumulation of 8-Cl-ATP in the cell. In the first 2
hours of treatment with 8-Cl-Ado there is a decrease in ATP levels by 25% and a 100 µM
accumulation of 8-Cl-ATP. By 20 hours, treatment with 8-Cl-Ado decreases ATP levels by
65%, with approximately 1 mM intracellular ATP remaining. Furthermore, an accumulation
of 637 µM 8-Cl-ATP is achieved after 20 hours with 8-Cl-Ado treatment.
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Figure 51. Cellular metabolism: accumulation of 8-Cl-Ado cytotoxic triphosphate and
concomitant ATP concentration decrease in MM.1S cells

Cells were treated with 10 µM 8-Cl-Ado as a function of time. Cells were harvested at the
indicated times and 8-Cl-ATP (▀) and ATP (•) levels in the cells were measured using
HPLC as described in materials and methods. Each time point was perfomred in triplicate
and data represented as mean ± SD (Endogenous ATP levels in untreated cells was
approximately 3 mM).
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Sequential treatment of 8-Cl-Ado followed by 17-AAG reduces 8-Cl-Ado metabolism and
ATP accumulation
In order to determine if addition of 17-AAG affected the accumulation of 8-Cl-ATP or
the decrease in ATP pool, the combination condition was also evaluated. The various MM
cell lines were left untreated or treated with 10 µM 8-Cl-Ado for 20 hours or the combination
of 8-Cl-Ado for 12 hours followed by 0.5 µM 17-AAG for 8 hours. Cells were harvested at
the end of treatment and cellular 8-Cl-ATP and ATP levels in the cells were measured using
HPLC as described in materials and methods. The data represent mean of triplicate
experiments for MM.1S and duplicate experiments for RPMI-8226, while preliminary data is
showed for the U266 cell line (Table 3).
Untreated MM.1S cells contained 2988 µM ATP endogenous concentration.
Treatment with 8-Cl-Ado caused a 57% decrease in ATP levels (1268 µM ATP
concentration remaining in the cell). The combination treatment resulted in an 83% drop of
the ATP pool, with only 340 µM ATP concentration remaining in the cell after treatment.
Surprisingly, the expected parallel accumulation of 8-Cl-ATP levels was not observed.
Addition of 17-AAG after 8-Cl-Ado treatment resulted in only 203 µM 8-Cl-ATP
accumulation in the combination treatment compared to 607 µM 8-Cl-ATP levels reached
with treatment with 8-Cl-Ado as a single agent. A similar decrease in 8-Cl-ATP levels were
observed in the other two cell lines in the combination treatment.
In RPMI-8226 cells, the endogenous ATP pool was measured to be 2699 µM. After
8-Cl-Ado treatment, a majority of the ATP concentration remained in the cell (76%, 2064
µM), and 8-Cl-ATP accumulation reached 1109 µM. Addition of 17-AAG following 8-Cl-Ado
treatment did not affect the levels of ATP to a great extent compared with 8-Cl-Ado alone
(76% vs 64%). However, a decrease in 8-Cl-ATP levels was also observed when compared
to 8-Cl-Ado treatment alone. 8-Cl-ATP accumulation was measured to be 764 µM in the

167

Table 3. Sequential treatment of 8-Cl-Ado followed by 17-AAG reduces 8-Cl-Ado
metabolism and ATP accumulation

Cells were either left untreated or treated with 10 µM radiolabeled [3H] 8-Cl-Ado for 12
hours followed by 0.5 µM 17-AAG for 8 hours. Cells were harvested and 8-Cl-ATP and
ATP levels in each condition were measured using HPLC as described in materials and
methods. Triplicate experiments were performed for MM.1S, duplicate experiments for
RPMI-8226, and preliminary data is showed for U266 cell line.
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Table 3

Treatments

8-Cl-ATP
μM

ATP
Decrease
%

ATP in
cells after
treatment
µM

ATP in
cells after
treatment
%

8-Cl-Ado→17-AAG

203

83

340

17

8-Cl-Ado

607

57

1268

43

8-Cl-Ado→17-AAG

764

36

1718

64

2699

8-Cl-Ado

1109

24

2064

76

U266

8-Cl-Ado→17-AAG

179

73

520

27

2127

8-Cl-Ado

267

56

936

44

Endogenous
ATP
µM
MM.1S
2988

RPMI-8226
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combination condition compared to 1109 µM 8-Cl-ATP measured after 8-Cl-Ado treatment
alone.
Preliminary data in U266 cells showed the endogenous ATP concentration in the
untreated cells was 2127 µM. With 8-Cl-Ado treatment there was a decline in ATP by 56%,
leaving 936 µM ATP in the cell. The concentration of 8-Cl-ATP was measured to be only
267 µM after 8-Cl-Ado treatment as a single agent. The combination treatment in U266
cells resulted in a reduction of ATP levels by 73%, meaning there was 520 µM of ATP in
the cell at the end of treatment. The same decrease in 8-Cl-ATP levels were also observed
when compared to the 8-Cl-ATP levels for 8-Cl-Ado treatment as a single agent.
Accumulation of 8-Cl-ATP for the combination treatment was 179 µM, less than the amount
measured for 8-Cl-Ado alone (267µM).

Taken together, these results show that 8-Cl-Ado affects the ATP pools in MM.1S
and U266 cells causing a decrease by more than 55%. In contrast, the ATP levels in RPMI8226 cells do not seem to be greatly affected by 8-Cl-Ado treatment. As expected there is
accumulation of the cytotoxic triphosphate 8-Cl-ATP after 8-Cl-Ado treatment in all cell
lines, although the measured levels for each cell line vary among each other. Addition of
17-AAG after 8-Cl-Ado treatment results in further decrease of the ATP levels, however, an
unexpected decrease in 8-Cl-ATP levels are measured in all cell lines. This suggests that
17-AAG affects the metabolism of 8-Cl-Ado to its cytotoxic triphosphate form.

Immunoprecipitation of HSP90 bound to [3H] 17-AAG in the combination treatment with 8Cl-Ado
The HSP90 inhibitor, 17-AAG, competes with ATP, HSP90’s natural substrate, for
the binding to HSP90 (Schnur, Corman et al. 1995). Binding of 17-AAG to HSP90 inhibits
the stabilization of client proteins by this chaperone resulting in client protein proteasomal
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degradation (Neckers and Neckers 2002). The combination treatment resulted in a further
decrease in ATP levels compared to treatment with 8-Cl-Ado alone (Table 3). The
combination of 8-Cl-Ado and 17-AAG resulted in marked decreased levels of the client
proteins when compared to 17-AAG and 8-Cl-Ado treatments as single agents, especially in
MM.1S cells (Figures 41-44). A possible explanation for this could be that 17-AAG does not
have to compete against the high levels of ATP in the cell for HSP90 binding in the
combination treatment since 8-Cl-Ado decreases cellular ATP pool. For this reason,
immnoprecipitations and immunoblot analyses of radioactive [3H]17-AAG bound to HSP90
were performed in MM.1S cells for the combination treatment compared to 17-AAG
treatment alone (Figure 54). In order to evaluate the [3H]17-AAH•HSP90 complex for these
treatments, the following immunoprecipitations and immunoblot analyses were conducted
to determine optimal conditions in untreated cells first (Figure 52 and 53).

( i ) Immunoprecipitation and immuno-detection of HSP90α/β and RNA Pol II as a function
of concentration

To determine an optimal concentration of the amount of HSP90α/β antibody to be
used, a dose response was performed (Figure 52A). Untreated MM.1S cells were lysed and
protein concentration quantified. 1000 µg of protein was incubated with increasing
concentrations of an antibody detecting for HSP90α/β. A protein that does not interact with
17-AAG, RNA Pol II, was also included as a negative control to rule out non-specific binding
(Figure 52B).

In a similar way, 1000 µg of protein were incubated with increasing

concentrations of an antibody detecting for RNA Pol II, with the corresponding controls
being run in parallel. Immunoprecipitations were performed as described in materials and
methods. Bead-bound material was then analyzed via immunoblot using antibodies that
detect HSP90α/β and RNA Pol II protein levels. Incubation with increasing concentrations
of an antibody detecting HSP90α/β resulted in escalating immunoprecipitated amounts of
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Figure 52. Immunoprecipitation and immuno-detection of HSP90α/β and RNA Pol II
as a function of concentration

Immunoprecipitation using an antibody specific for HSP90α/β was used at increasing
concentrations in MM.1S protein lysates to determine the optimal antibody concentration.
The immunoprecipitates were then analyzed by immunoblot assay detecting for HSP90α/β
(A) protein levels. Similar immunoprecipitation and immunoblot assays were conducted
using RNA Pol II as a control protein (B).
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Figure 53. Immunoprecipitation and immuno-detection of HSP90α/β and RNA Pol II

A final immunoprecipitation and immunodetection of HSP90α/β and RNA Pol II was
performed in untreated MM.1S cells once the optimal antibody concentrations were chosen.
MM.1S cells were lysed and 1000 µg/mL of protein was incubated with antibodies detecting
for HSP90α/β or RNA Pol II along with the corresponding controls for the
immunoprecipitation assay. An immunoblot assay was performed for each
immunoprecipitated antibody or control.
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Figure 53

HSP90α/β protein. A similar effect was also observed for RNA Pol II. The 10% input
showed the presence of the evaluated proteins in MM.1S cells while the controls (agarose
beads and IgG mouse) showed that non-specific protein interactions were not taking place.
Based on dose response results, 10 µM HSP90α/β and 5 µM RNA Pol II antibody
concentrations were selected.
Once the optimal antibody concentrations were selected and proper condition
controls were established, final immunoprecipitation and immunoblot analysis were
performed to evaluate if non-specific pull downs occurred. Untreated MM.1S cells were
lysed and protein quantified. 1000 µg of protein was then incubated with 10 µg agarose
beads, 10 µg IgG mouse antibody, 10 µg HSP90α/β, or 5 µg RNA Pol II and
immunoprecipitations were performed as described in material and methods. The
immunoprecipitations were then analyzed via immunoblots detecting for HSP90α/β and
RNA Pol II (Figure 53).

( ii ) Effect of 8-Cl-Ado in the binding of [3H]17-AAG to HSP90

To evaluate if a decrease in cellular ATP levels allowed more 17-AAG binding to
HSP90, immunoprecipitation and radioactive liquid scintillation counting for [3H]17-AAG
bound to HSP90 was performed (Figure 54). MM.1S cells were treated with 0.5 µM [3H]17AAG alone for 20 hours or the combination of 10µM 8-Cl-Ado and [3H]17-AAG added
simultaneously for 20 hours. Cells were lysed and protein quantified for each condition.
Each condition was performed twice in duplicate. Antibodies detecting for HSP90α/β and
RNA Pol II were incubated with 1000 µg of protein. Corresponding controls were also done
in parallel. Immunoprecipitations were performed as described in materials and methods
and the radioactive [3H]17-AAG bound to HSP90α/β was counted in a liquid scintillation
counter. In order to follow the balance of material, the total amount of [3H]17-AAG was
determined from the media in the cultures to the washes in the immunoprecipitation assay.
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Figure 54. Immunoprecipitation of HSP90 bound to [3H] 17-AAG in the combination
treatment with 8-Cl-Ado
Effect of 8-Cl-Ado in the binding of [3H] 17-AAG to HSP90

MM.1S cells were treated with 0.5 µM [3H] 17-AAG in the absence or presence of 8-Cl-Ado
for 20 hours then lysed and immunoprecipitated for HSP90. The immunoprecipitated
HSP90 proteins were then analyzed by liquid scintillation counting to measure the levels of
[3H]-17-AAG retained in HSP90. Each column represents the mean and SD of two
independent experiments done in duplicate.
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The total amount of [3H]17-AAG in both condition treatments was similar (175000
DPM). Immunoprecipitation of HSP90α/β in MM.1S cells treated with [3H]17-AAG alone
determined that [3H]17-AAG is bound to HSP90α/β and the complex can be pulled down
and radioactivity analyzed (approximately 25000 DPM). However, the combination
condition did not show an increasing amount of [3H]17-AAG binding to HSP90α/β
(approximately 25000 DPM1, same as with [3H]17-AAG treatment alone). In addition,
immunoprecipitation of RNA Pol II protein indicated the absence of [3H]17-AAG bound to
RNA Pol II since the radioactive count was determined to be around 50 DPM (Data not
shown).

In summary these data indicate that a 57% decrease in ATP levels due to 8-Cl-Ado
treatment (Table 3) does not increase the amount of 17-AAG binding to HSP90α/β protein
(Figure 54). These results suggest that increased proteasomal degradation of client
proteins due to increased levels of 17-AAG binding to HSP90α/β protein is not the possible
mechanism that results in decreased STAT-3, Raf-1, and Akt client protein levels in the
combination treatment of 8-Cl-Ado and 17-AAG.

Effect of 8-Cl-Ado on 4E-BP1 protein levels in MM.1S cells
Since no change was detected for any of the client mRNA levels (Figures 48-50) or
no increased levels of 17-AAG bound to HSP90 were detected (Figure 54), a repressor
protein of mRNA translation was analyzed. The translation regulator protein 4E- binding
protein 1 (4E-BP1) represses initiation of translation by binding to the eukaryotic initiation
factor 4E (eIF4E) (Gingras, Kennedy et al. 1998). 4E-BP1 repressing activity is regulated by
phosphorylation at 4 specific aminoacid residues (Gingras, Kennedy et al. 1998; Gingras,
Raught et al. 2001). Once hyperphosphorylated 4E-BP1 releases eIF4E allowing translation
initiation (Gingras, Raught et al. 2001). The serine/threonine kinase mTOR is one of the
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upstream regulators of 4E-BP1 activity (Gingras, Kennedy et al. 1998). The mTOR pathway
is sensitive to the change in cellular ATP levels (Dennis, Jaeschke et al. 2001). A decrease
in ATP inhibits the kinase activity of mTOR, thus rending it unable to phosphorylate 4EBP1. As a result, 4E-BP1 remains bound to eIF4, inhibiting translation initiation (Gingras,
Raught et al. 2001). Due to the effect of 8-Cl-Ado on the ATP levels in the cell, the
phosphorylated status of 4E-BP1 was evaluated.
MM.1S cells were treated with 10 µM 8-Cl-Ado for different time durations (Figure
55A). Starvation of MM.1S was also done for several days to be used as a positive control
for hypophosphorylation of 4E-BP1 leading to translation inhibition (Figure 55B). Cells were
harvested and immunoblots were performed and analyzed with antibodies detecting for 4EBP1 and the loading control GAPDH. The multiple bands of 4E-BP1 represent its
hyperphosphorylated status, and stacking of the bands represents its hypophosphorylated
form (Gingras, Kennedy et al. 1998; Gingras, Raught et al. 2001). Starvation of MM.1S for
24 and 48 hours resulted in hypophosphorylation of 4E-BP1. Treatment with 8-Cl-Ado
resulted in a time dependent decrease in 4E-BP1 phosphorylation levels, with a more
pronounced hypophosphorylated form of 4E-BP1 appearing at 24, 48 and 72 hours.

Effect of 8-Cl-Ado and 17-AAG on 4E-BP1 protein levels in U266 cells
U266 cells were treated with the two different sequential or simultaneous
combinations of 8-Cl-Ado and 17-AAG to determine if 17-AAG could further affect the
phosphorylation status of 4E-BP1. For the first combination sequence, cells were left
untreated or treated with 0.5 μM 17-AAG for 8 hours alone, treated first with 10 μM 8-ClAdo for 12 hours followed by 0.5 μM 17-AAG for 8 hours for the combination treatment, or
treated with 10 μM 8-Cl-Ado for 20 hours alone. For the second combination sequence to
be tested, cells were treated with 0.5 μM 17-AAG for 20 hours alone, treated first with 0.5
μM 17-AAG for 8 hours followed by 10 μM 8-Cl-Ado for 12 hours for the combination

180

Figure 55. Effect of 8-Cl-Ado on 4E-BP1 protein levels in MM.1S cells

MM.1S cells were treated with 10 µM 8-Cl-Ado for the indicated times (A). MM.1S cells
were starved for the indicated times to use a positive control for dephosphorylation of 4EBP1(B). Cells were harvested and immunoblots were performed and analyzed with
antibodies detecting for 4E-BP1 and the loading control GAPDH.
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treatment, or treated with 10 μM 8-Cl-Ado for 12 hours alone. Finally, for the last
combination condition, 10 μM 8-Cl-Ado and 0.5 μM 17-AAG were added simultaneously for
20 hours, and the two parallel conditions with the single agents included. Cells were
harvested and immunoblots were analyzed using antibodies against 4E-BP1 and the
loading control GAPDH (Figure 56).
Treatment with 17-AAG for 8 or 20 hours did not affect the hyperphosphorylation
status of 4E-BP1 as shown by its multiple bands. Treatment with 8-Cl-Ado for 12 or 20
hours resulted in a decrease in phosphorylation levels in 4E-BP1. However, any of the
combination treatments resulted in hyphosphorylation of 4E-BP1 as shown by the absence
of multiple bands.

Taken together, 17-AAG treatment alone does not affect phosphorylation of 4EBP1. However, 8-Cl-Ado treatment results in decrease phosphorylation of the repressing
translation factor 4E-BP1, which is further hypophosphorylated by the addition of 17-AAG in
any of the three combination sequences.

Cytotoxicity of 8-Cl-Ado followed by 17-AAG in MM cell lines
To evaluate if the decrease of client proteins in the combination treatment with 8-ClAdo and 17-AAG could result in increased cytotoxicity, Annexin V/7-AAD assay was
performed. Plotted data represent the mean of three different experiments for each cell line
(Figure 57). The endogenous cell death was subtracted from each condition. Endogenous
cell death in MM.1S cells was around 10 to15%, in RPMI-8226 cells it ranged from 15 to
20%, and in U266 cells it was less than 10%. The combination treatment contained less
DMSO concentration than the established non-cytotoxic and tolerated amount by cells
(<0.1%) since 17-AAG was the only drug dissolved in DMSO (0.05%). MM cells were either
not treated or treated with 0.5 μM 17-AAG alone for 8 hours, a combination treatment with
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Figure 56. Effect of 8-Cl-Ado on 4E-BP1 protein levels in U266 cells

Cells were either left untreated (U) or treated with 0.5 μM 17-AAG for 8 hours, the
combination of 10 µM 8-Cl-Ado for 12 hours followed by 17-AAG for 8 hours, 10 µM 8-ClAdo for 20 hours, 0.5 μM 17-AAG for 20 hours, the combination of 17-AAG for 12 hours
followed by 8-Cl-Ado for 8 hours, 10 µM 8-Cl-Ado for 12 hours, or the combination of 8-ClAdo and 17-AAG added simultaneously for 20 hours. Cells were harvested and
immunoblots were performed and analyzed with antibodies detecting for 4E-BP1 and the
loading control β-actin.
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10 µM added first for 12 hours followed by 0.5 μM 17-AAG for 8 hours, or 10 µM 8-Cl-Ado
alone for 20 hours. Cells were harvested after treatment and cell death was measured
using Annexin V/7-AAD positive staining. Eight-hour treatment with 0.5 µM 17-AAG
resulted in less than 5% cell death in all MM cells. When cells were treated with 8-Cl-Ado,
there was 26, 6 and 2% cell death in MM.1S (Figure 57A), RPMI-8226 (Figure 57B), and
U266 cells (Figure 57C), respectively. The combination of 8-Cl-Ado followed by 17-AAG
resulted in 55, 15, and 19% cell death for MM.1S, RPMI-8226, and U266 cells, respectively.

Cytotoxicity of 8-Cl-Ado followed by 17-AAG combination sequence in MM cell lines
MM cells were either not treated or treated with 0.5 μM 17-AAG alone for 8 hours, a
combination treatment with 10 µM added first for 12 hours followed by 0.5 μM 17-AAG for 8
hours, or 10 µM 8-Cl-Ado alone for 20 hours. The endogenous cell death was subtracted
from each condition. A fractional two-drug combination analysis as described in materials
and methods was performed for the combination of 8-Cl-Ado followed by 17-AAG treatment
(Table 4). As previously mentioned, this analysis determines if the observed cell death
obtained with annexin V/7-AAD binding assay is more than the calculated expected cell
death for the combination treatment. Eight-hour treatment with 0.5 µM 17-AAG resulted
less than 5% cell death in all MM cells. When cells were treated with 8-Cl-Ado, there was
26, 6 and 2% cell death in MM.1S, RPMI-8226, and U266 cells, respectively. For the
combination condition with 8-Cl-Ado followed by 17-AAG, the calculated expected
cytotoxicity was 29, 9, and 6% in MM.1S, RPMI-8226, and U266 cells, respectively. When
comparing the observed (measured) cell death against the expected (calculated) cell death,
the measured cytotoxicity for the combination condition (55, 15, and 19% for MM.1S, RPMI8226, and U266 cells, respectively) was more than the expected cell death for the same
condition. Student’s t-test analysis shows statistically significant difference in MM.1S and
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Figure 57. Cytotoxicity of 8-Cl-Ado followed by 17-AAG in MM cell lines

MM.1S (A), RPMI-8226 (B), and U266 (C) cells were either left untreated or treated with 0.5
µM 17-AAG for 8 hours, 10 µM 8-Cl-Ado for 20 hours, or the combination of 8-Cl-Ado for 12
hours followed by 17-AAG for 8 hours. Flow cytometry was performed to measure cell
death, which was determined as the percentage of cells staining positive for Annexin V/7AAD after subtracting the percentage of endogenous cell death.
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Table 4. Cytotoxicity of 8-Cl-Ado followed by 17-AAG combination sequence in MM
cell lines

Cells were either left untreated or treated with 0.5 µM 17-AAG for 8 hours, 10 µM 8-Cl-Ado
for 20 hours, or the combination of 8-Cl-Ado for 12 hours followed by 17-AAG for 8 hours.
Flow cytometry was performed to measure cell death, which was determined as the
percentage of cells staining positive for Annexin V/7-AAD after subtracting the percentage
of endogenous cell death. The expected percent survival for the combination condition was
calculated following the fractional two-drug combination analysis. Values are the statistical
significance (p=0.05) comparing expected cell death with observed cell death.
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Table 4

8-Cl-Ado→17-AAG

17-AAG
0.5µM

8-Cl-Ado
10 µM

8h

20 h

5
95

26
74

Combination
Expected

Observed

29
71

55

MM.1S
Cell Death
Cell Survival

p = 0.019

RPMI-8226
Cell Death
Cell Survival

3
97

6
94

9
91

15
p = 0.011

U266
Cell Death
Cell Survival

4
96

2
98

6
94

19
p = 0.091
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RPMI-8226 cell lines between the expected and observed cell death values (MM.1S, p =
0.019; RPMI-8226, p = 0.011), but not for U266 cells (p = 0.09).

Since these results suggested an additive effect when both drugs were combined,
which may be attributed to the decrease in client protein levels and global translation
attenuation, different combination sequences for 8-Cl-Ado and 17-AAG were tested for
cytotoxicity in all MM cells.

Cytotoxicity of 17-AAG followed by 8-Cl-Ado combination sequence in MM cell lines
MM cell lines were either not treated or treated with 0.5 µM 17-AAG for 20 hours
alone, the combination of 17-AAG for 8 hours followed by 8-Cl-Ado for 12 hours, or 10 µM
8-Cl-Ado for 12 hours alone. Cells were harvested after treatment and cell death was
measured using Annexin V/7-AAD positive staining. The endogenous cell death was
subtracted from each condition. A fractional two-drug combination analysis as described in
materials and methods was performed for the combination of 17-AAG followed by 8-Cl-Ado
treatment (Table 5). Treatment with 17-AAG for 20 hours resulted in less than 6% cell death
in all MM cells. When cells were treated with 8-Cl-Ado, there was less than 5% in all MM
cell lines. For the combination condition with 17-AAG followed by 8-Cl-Ado, the calculated
expected cytotoxicity was 6, 6, and 7% in MM.1S, RPMI-8226, and U266 cells, respectively.
When comparing the observed (measured) cell death against the expected (calculated) cell
death, the measured cytotoxicity for the combination condition (7, 11, and 10% for MM.1S,
RPMI-8226, and U266 cells, respectively) was not really different than the expected cell
death for the same condition. Student’s t-test analysis shows no statistically significant
difference in any MM cell line ( p > 0.05)
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Table 5. Cytotoxicity of 17-AAG followed by 8-Cl-Ado combination sequence in MM
cell lines

Cells were either left untreated or treated with 0.5 µM 17-AAG for 20 hours, 10 µM 8-Cl-Ado
for 12 hours, or the combination of 17-AAG for 12 hours followed by 8-Cl-Ado for 8 hours.
Flow cytometry was performed to measure cell death, which was determined as the
percentage of cells staining positive for Annexin V/7-AAD after subtracting the percentage
of endogenous cell death. The expected percent survival for the combination condition was
calculated following the fractional two-drug combination analysis. Values are the statistical
significance (p=0.05) comparing expected cell death with observed cell death.
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Table 5

17-AAG→8-Cl-Ado

17-AAG
0.5µM

8-Cl-Ado
10 µM

20 h

12 h

1
99

5
95

Combination
Expected

Observed

6
94

7

MM.1S
Cell Death
Cell Survival

p = 0.388

RPMI-8226
Cell Death
Cell Survival

3
97

3
97

6
94

11
p = 0.114

U266
Cell Death
Cell Survival

6
94

1
99

7
93

10
p = 0.061
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Cytotoxicity of 8-Cl-Ado and 17-AAG simultaneous combination in MM cell lines
MM cell lines were either not treated or treated with 0.5 µM 17-AAG for 20 hours
alone, 10 µM 8-Cl-Ado for 20 hours alone, or the combination of 8-Cl-Ado and 17-AAG
added simultaneously for 20 hours. Cells were harvested after treatment and cell death was
measured using Annexin V/7-AAD positive staining. The endogenous cell death was
subtracted from each condition. A fractional two-drug combination analysis as described in
materials and methods was performed for the simultaneous combination treatment of 8-ClAdo and 17-AAG (Table 6). Treatment with 17-AAG for 20 hours resulted in less than 6%
cell death in all MM cells. When cells were treated with 8-Cl-Ado, there was 20, 9, and 2%
cell death in MM.1S, RPMI-8226, and U266 cells. For the combination condition with 17AAG followed by 8-Cl-Ado, the calculated expected cytotoxicity was 22, 13, and 8% in
MM.1S, RPMI-8226, and U266 cells, respectively. When comparing the observed
(measured) cell death against the expected (calculated) cell death, the measured
cytotoxicity for the combination condition (30, 14, and 26% for MM.1S, RPMI-8226, and
U266 cells, respectively) was more than the expected cell death for the same condition.
Student’s t-test analysis shows statistically significant difference in MM.1S and U266 cell
lines between the expected and observed cell death values (MM.1S, p = 0.045; U266, p =
0.047), but not for RPMI-8226 cells (p = 0.29).

Taken together, there was a statistically significant increase in cytotoxicity with the
combination of 8-Cl-Ado followed by 17-AAG for MM.1S and RPMI-8226 cells, and for the
simultaneous combination of both drug for MM.1S and U266 cells. However, this was not
observed for the combination of 17-AAG followed by 8-Cl-Ado in any of the MM cell lines.
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Table 6. Cytotoxicity of 8-Cl-Ado and 17-AAG simultaneous combination in MM cell
lines

Cells were either left untreated or treated with 0.5 µM 17-AAG for 20 hours, 10 µM 8-Cl-Ado
for 20 hours, or the combination of 8-Cl-Ado and 17-AAG added simultaneously for 20
hours. Flow cytometry was performed to measure cell death, which was determined as the
percentage of cells staining positive for Annexin V/7-AAD after subtracting the percentage
of endogenous cell death. The expected percent survival for the combination condition was
calculated following the fractional two-drug combination analysis. Values are the statistical
significance (p=0.05) comparing expected cell death with observed cell death.
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Table 6

8-Cl-Ado+17-AAG

17-AAG
0.5µM

8-Cl-Ado
10 µM

20 h

20 h

2
98

20
80

Combination
Expected

Observed

22
78

30

MM.1S
Cell Death
Cell Survival

p = 0.045

RPMI-8226
Cell Death
Cell Survival

4
96

9
91

13
87

14
p = 0.299

U266
Cell Death
Cell Survival

6
94

2
98

8
92

26
p = 0.047
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CHAPTER 4: Discussion

The main purpose of this current work was to develop strategies that address the
cytotoxic resistance developed using HSP90 inhibitors, such as 17-AAG. To deal with the
negative effect elicited when using agents that target HSP90, two different approaches
were implemented and are discussed in separate sections.

The first aim of this dissertation focuses on the ability of the transcription inhibitor
Act D to inhibit transcription induction of heat shock proteins by 17-AAG.

17-AAG
The semisynthetic geldanamycin derivative, 17-AAG, entered clinical trials in 1999
making it the first heat shock protein inhibitor that was tested in humans (Biamonte, Van de
Water et al. 2010). In an early phase I clinical trial, two patients with metastatic melanoma
showed stable disease when treated with 17-AAG. This study reported the highest
administered dose to be 450 mg/m2/week, which achieved a peak plasma concentration of
16 µM with a half-life of 6 hours. Similar to pre-clinical studies with 17-AAG, this study
reported the induction of HSP70 and downregulation of client proteins (such as c-Raf and
cdk4) as the phamacodynamic endpoints for this drug (Banerji, O'Donnell et al. 2005).
Therefore, the selected concentration of 17-AAG in this dissertation (0.5 µM) is
achievable and relevant in the clinic. MM cells treated with 17-AAG as a function of time
and dose resulted in the induction of heat shock proteins, including HSP70 (Figures 9 and
10). Also, MM cells treated with 17-AAG for 8 and 12 hours resulted in downregulation of
client proteins including c-Raf-1 (Figures 43 and 46).
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HSP90 and stress response modulation
The targeted inhibition of HSP90 with 17-AAG results in activation of the stress
response, which leads to sustained induction of heat shock proteins (Bagatell, PaineMurrieta et al. 2000). Some of these induced heat shock proteins negatively regulate the
apoptotic pathway leading to cell death resistance (Beere, Wolf et al. 2000; Pandey, Farber
et al. 2000; Pandey, Saleh et al. 2000). Overexpression of cytoprotective heat shock
proteins has been shown to confer resistance to several chemotherapeutic agents in
hematological and solid malignancies (Garrido, Ottavi et al. 1997; Demidenko, Vivo et al.
2006; Martins, Ordonez et al. 2008). As such, the abrogation of the heat shock stress
response is desired when utilizing HSP90 inhibitors. An increase in cytotoxicity has been
measured in studies where cells are treated with 17-AAG following downregulation of
HSP90, HSP70, or HSP27 expression levels using small interference RNA (siRNA) (Guo,
Rocha et al. 2005; Rocchi, Jugpal et al. 2006; Aghdassi, Phillips et al. 2007; Chatterjee,
Jain et al. 2007; Powers, Clarke et al. 2008). These series of studies have provided a proofof-principle for the inhibition of heat shock proteins. However, the utilization of this approach
in the clinic is precluded by the lack of available delivery methods for siRNA therapy.
Another approach to circumvent the activation of the heat shock stress response is
to target the key members in the HSP90 cycle or the actual activator of the stress response
the transcription factor HSF-1. For example, inhibitors that target cochaperone HSP70 or
disrupt the interaction of HSP90 with its cochaperones or client proteins are currently being
developed (Brandt and Blagg 2009; Leu, Pimkina et al. 2009). Only one HSP90 inhibitor
known to date, novobiacin, does not elicit the stress response (Sharp and Workman 2006).
This coumarin antibiotic binds to the second ATP pocket located in the C-terminus of
HSP90.

Similar to inhibitors that bind to the ATP pocket at the N-terminus such as

geldanamycin and 17-AAG, novobiacin also leads to the degradation of client proteins.
Degradation of HSP90 client proteins by novobiocin is moderately achieved due to its low
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potency (Sharp and Workman 2006). However, the lack of induction of the heat shock
response by novobiacin is an advantageous feature and is now being investigated for the
development of more potent derivatives (Brandt and Blagg 2009).
Using a transcription inhibitor could be an alternative strategy to block the stress
response triggered by HSP90 inhibitors, which lead to the transcription and expression of
antiapoptototic heat shock proteins. The clinically used chemotherapeutic agent Act D is an
established transcription inhibitor used in oncology for more than 50 years.

The work

presented here evaluated the feasibility of using Act D to block the induction of the heat
shock stress response by 17-AAG.

Heat shock protein stress response
Heat shock factor-1 (HSF-1) is a transcription activator for of all heat shock protein
genes (Voellmy 1994). HSF-1 activity is repressed when is complexed to HSP90 and other
cochaperones (Zou, Guo et al. 1998; Freeman, Borrelli et al. 1999; Guo, Guettouche et al.
2001). Stress inducers trigger the release of HSF-1 from its repressing complex leading to
transcription of the heat shock proteins (Ananthan, Goldberg et al. 1986; Wu 1995). Once
released, the active conformation of HSF-1 is achieved through trimerization and
phosphorylation (Wu 1995; Cotto, Kline et al. 1996). Activated HSF-1 translocates to the
nucleus where it binds to the heat shock elements present in the promoters of the heat
shock protein genes (Baler, Dahl et al. 1993). HSF-1 binds to the heat shock elements in
DNA as a trimer. The heat shock elements contain three conserved repeats of the
sequence nGAAn. Each subunit on the activated HSF-1 trimer binds to a specific
sequence. (Wu 1995). Interaction of HSF-1 trimer with the nGAAn sequences in the heat
shock elements triggers multiple rounds of heat shock protein transcription resulting in
overexpression of the inducible heat shock proteins in the cell (Baler, Dahl et al. 1993).
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Transcription activation through HSF-1 is needed to induce the levels of HSP90, HSP70,
and HSP27.

Act D mechanism of action as a transcription inhibitor
Act D inhibits transcription by intercalating into DNA blocking binding of RNA Pol II
hindering elongation (Sobell 1985; Gniazdowski, Denny et al. 2003). RNA Pol II is an
enzyme required for transcription initiation and is responsible for the synthesis of mRNA
from DNA. Eukaryotic RNA Pol I and RNA Pol III transcribe rRNA and tRNA genes,
respectively, from DNA (Paule and White 2000). The planar phenoxazone ring of Act D
intercalates in between the DNA base pairs. The two large polypeptide moieties of Act D
bind to the minor groove of DNA (Sobell 1985). The phenoxazone moiety possesses no
sequence selectivity for DNA, but the polypeptide side chains provide selectivity towards
binding to deoxy-guanine•cytosine base pairs (Gniazdowski, Denny et al. 2003). Hence, Act
D induces cytotoxicity by inhibiting global RNA synthesis leading to a decrease in protein
levels (Perry and Kelley 1970).

Clinical application of Act D
Act D was introduced in clinical oncology in 1954, and currently, is generally used in
the treatment of pediatric and young adult malignancies at doses that are well-tolerated
(Farber, Pinkel et al. 1956; Estlin and Veal 2003; Veal, Cole et al. 2005). Act D is a curative
regimen in combination with surgery for Wilms tumor in children (Estlin and Veal 2003). The
most common observed toxicity with Act D administration was low platelet count and
infections. Overall, a third of the patients experienced no adverse effects while less than
half of the patients had grade 1 or 2 toxicity and the rest of the patients observed grade 3 or
4 toxicity (Veal, Cole et al. 2005). Close to 80% of Wilms tumor patients showing early
disease are cured when treated with Act D in combination with surgery (Tattersall,
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Sodergren et al. 1975). Patients with stage IV and completely necrotic Wilms tumor
achieved a 100% overall 5-year survival when treated with Act D in combination with
additional chemotherapeutic agents (Estlin and Veal 2003). Clinical studies with malignant
melanoma have also demonstrated that Act D is a well tolerated drug in adults as well
(Tattersall, Sodergren et al. 1975).
The pharmacokinetics of Act D has been evaluated in pediatric and adult patients.
In children, Act D is administered as a single bolus i.v. infusion, and patients treated with
0.75-1.50 mg/m2 Act D achieved peak plasma levels of 0.02-0.05 µg/mL (Veal, Cole et al.
2005). This same study determined a median peak plasma concentration of 0.025 µg/mL
(range 0.003-0.1 µg/mL) with a half-life ranging from 14 to 43 hours. The studies performed
in this dissertation used 0.05 µg/mL Act D for 12 hours, which is achieved in the clinic.
Similarly, in adult patients treated with 10-15 µg/kg Act D obtained peak plasma levels
ranging from 0.01-0.1 µg/mL (Tattersall, Sodergren et al. 1975). Act D accumulated in the
bone marrow and tumor cells at higher concentrations compared to plasma. This same
clinical trial in adult patients with Act D reported a median plasma concentration of less than
0.065 µg/mL with a half-life of 36 hours (Tattersall, Sodergren et al. 1975). The Act D
plasma concentrations achieved in these clinical trials are sufficient to inhibit global RNA
synthesis. Low doses of Act D (0.01-0.25 µg/mL) for short exposures result in preferential
inhibition of ribosomal RNA synthesis (Perry and Kelley 1970). High doses of Act D (1.0-2.0
µg/mL) or low doses for long exposures result in inhibition of all RNA species (Perry and
Kelley 1970; Estlin and Veal 2003).
Thus, the pharmacokinetic endpoints demonstrate that the concentrations used for
the experiments presented in this dissertation are clinically achievable and biologically
relevant. The selected concentration of Act D (0.05 µg/mL) inhibited global RNA synthesis
by 80 and 90% in MM.1S and RPMI-8226 cells, respectively, when treated for 12 hours
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(Figure 13). Concentrations of Act D ranging from 0.01 to 2.0 µg/mL also decreased heat
shock protein expression levels (Figure 11).

Heat shock protein mRNA transcription inhibition
At the transcript level, real-time RT-PCR experiments for the combination treatment
demonstrated that Act D was able to diminish the constitutive (HSP90β and HSC70;
Figures 16B, 17B) and stress-inducible (HSP90α and HSP27; Figures 16A and 18) heat
shock protein transcript levels. However, the same treatment was unable to abrogate the
17-AAG-mediated induction of HSP70 transcript levels in both cell lines (Figure 17A).
Interestingly, the combination condition actually resulted in an increase in HSP70 transcript
levels when compared to 17-AAG treatment as a single agent. This discrepancy between
HSP70 and the rest of the heat shock proteins may be explained by the singularities of the
HSP70 gene.

Given that the heat shock protein response is a cytoprotective reaction to cytotoxic
injury, non-induced cells are primed with RNA II polymerase bound to the HSP70 gene
initiating a short HSP70 transcript prior to pausing (Lis and Wu 1993). This pause is
relieved following stress which results in HSF-1 transcription elongation. Aside from the
HSP70 gene, promoter-proximal pausing occurs in other rapidly induced genes such as c-

fos and c-myc (Brown and Kingston 1997; Schneider, Albert et al. 1999; Fivaz, Bassi et al.
2000).
Similar studies by others have demonstrated that the use of transcription inhibitors
were unable to block the transcription of inducible genes (Ljungman, Zhang et al. 1999;
Gomes, Bjerke et al. 2006; Dey, Wong et al. 2008). Transcription inhibitors targeting RNA
Pol II, such as Act D, DRB and α-amanitin, can trigger a stress response leading to the
stabilization of p53 protein, which in turn lead to transcription activation and induction of
p21 (Ljungman, Zhang et al. 1999). Agents that inhibit the activation of RNA Pol II also

202

inhibit global transcription. Activation of RNA Pol II depends on the phosphorylation of
serine 5 and serine 2 residues by CDK7 and CDK9, Roscovitine inhibits cyclin-dependent
kinase (CDK) 2, CDK4, CDK 7, and CDK9, and for this reason Roscovitine can also be
considered an inhibitor of global transcription. (Meijer and Raymond 2003; Dey, Wong et al.
2008). It has also been reported that this inhibitor induces transcription of p21 via p53
activation (Dey, Wong et al. 2008). Another study using chromatin immunoprecipitation
assays reported that the transcription inhibitor DRB resulted in induction of two p53mediated genes, PUMA and p21 (Gomes, Bjerke et al. 2006). However, in this same study,
global RNA transcription was also inhibited and caused a decrease in HPRT and SDHA,
which are housekeeping non-inducible genes. This is in agreement to the results presented
in this dissertation. Stress-inducible HSP70 transcript levels were not abrogated by the
transcription inhibitor Act D (Figure 17A). In fact, an induction in mRNA levels of this gene
occurred in the combination condition.
A potential mechanism for the lack of HSP70 mRNA inhibition may be due to the
structural aspects of Act D actions. As described earlier, intercalation of the phenoxazone
ring of Act D into DNA is not specific. Only the polypeptide peptide moieties exhibit
specificity towards deoxy-guanine•cytosine base pairs. The threonine carbonyl groups in
the polypeptide side chains interact with the 2-amino group of guanines (Gniazdowski,
Denny et al. 2003). The transcription factor NFĸB mediates the transcription and expression
of genes involved in proliferation and survival. The NFĸB target sequence contains
moderate guanine•cytosine sequences, which Act D is unable to intercalate into (Czyz and
Gniazdowski 1998). Specificity protein (Sp1) is a transcription factor involved in the
regulation of genes involved in early development. Sp1 binds to a deoxy-guanine•cytosinerich DNA sequence that is blocked by Act D treatment (Czyz and Gniazdowski 1998). Since
the polypeptide side chains in Act D have preferential binding to highly rich deoxy-
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guanine•cytosine sequences, it has been suggested that these sequence are necessary
when targeting a DNA segment (Czyz and Gniazdowski 1998).
HSP70 is a guanine•cytosine-rich gene (Kudla, Lipinski et al. 2006). Based on the

real time RT-PCR data, Act D was not able to inhibit the induction of HSP70 by 17-AAG
(Figure 17A). Interestingly, one study using Act D to target the biding of the transcription
factor early growth response factor 1 (EGR1) with its DNA sequence described no
disruption of this interaction (Welch, Rauscher et al. 1994). EGR1 is efficiently induced in
response to a variety of growth stimuli. EGR1 expression is constitutively expressed in
prostate cancer contributing to tumor proliferation (Mora, Olivier et al. 2005) . Although
EGR1 forms a complex with a DNA segment rich in guanine•cytosine base pairs, Act D is
not able to interact with this segment and inhibit their interaction (Welch, Rauscher et al.
1994). Similarly, Act D did not affect the binding of other transcription factors, such as Jun
and Fos, to their DNA target sequences (Welch, Rauscher et al. 1994).

Heat shock protein expression inhibition
Unexpectedly, even when there was an increase in HSP70 mRNA levels, this did
not correlate with the protein expression levels detected via immunoblot assay (Figures 20
and 22A). Treatment with Act D followed by 17-AAG in the combination treatment did not
abrogate the 17-AAG-mediated induction of HSP70 mRNA in either cell line (Figure 17A).
In RPMI-8226 cells, the induction of HSP70 in the combination treatment was statistically
different from the 17-AAG treatment as a single agent (p = 0.03). However at the
expression level, in the combination treatment, Act D diminished the induction of HSP70
protein levels caused by 17-AAG. This result suggests that HSP70 transcripts may either
be non-functional or short-lived. The 3’-noncoding region of HSP70 mRNA contains the AUrich sequences, which accelerates the degradation of HSP70 mRNA. (Hunt and Morimoto
1985). Therefore, more comprehensive studies are needed to determine the fate of HSP70
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transcripts in cells when Act D and 17-AAG are added in combination. Taken together, the
combination treatment resulted in a decrease of all heat shock protein levels compared to
treatment with 17-AAG as a single agent. Therefore, it is expected for the combination to
result in increase cytotoxicity compared to the cytotoxic effect exerted by Act D and 17-AAG
as single agents (Figure 26 and Table 2).

The second strategy utilized a ribonucleoside analog 8-Cl-Ado, which is currently in
a clinical trial. The approach was to inhibit transcription and translation of heat shock
proteins and client proteins. Also this nucleoside analog lowers cellular bioenergy, which
may facilitate additional binding of 17-AAG to HSP90.

8-Cl-Ado and inhibition of RNA synthesis
The ability of 8-Cl-Ado to inhibit 17-AAG-mediated induced transcription of heat
shock proteins was evaluated based on previous studies that report that the ribonucleoside
analog inhibits mRNA synthesis and post-transcriptional processing of mRNA (Stellrecht,
Rodriguez et al. 2003; Chen and Sheppard 2004; Chen, Du-Cuny et al. 2010). In the cell, 8Cl-Ado is phosphorylated by different kinases to 8-Cl-ATP (Gandhi, Ayres et al. 2001). The
triphosphate metabolite affects RNA synthesis by several different mechanisms.
First, the cytotoxic metabolite of 8-Cl-Ado, 8-Cl-ATP, can be incorporated into the
body of RNA leading to mRNA synthesis inhibition (Stellrecht, Rodriguez et al. 2003). In
MM cells treated with 8-Cl-Ado, RNA was isolated and digested with phosphodiesterases
and phosphatases to determine the composition of the RNA, and it was determined that 8Cl-ATP was incorporated at 3’-terminal positions. These results indicated that 8-Cl-ATP
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incorporated into RNA and inhibited further synthesis due to RNA synthesis chain
termination. Further analysis of the specific RNA species (mRNA, rRNA, and tRNA)
indicated preferential incorporation into mRNA, thus further demonstrating 8-Cl-Ado effect
on transcripts.
Second, 8-Cl-Ado treatment depletes cellular ATP pools in several cell lines such as
chronic lymphocytic leukemia (Balakrishnan, Stellrecht et al. 2005), breast cancer
(Stellrecht, Ayres et al. 2009), mantle cell lymphoma (Dennison, Balakrishnan et al. 2009),
and multiple myeloma (Gandhi, Ayres et al. 2001). ATP is a substrate for RNA synthesis
and hence its decline will affect transcription (Frey and Gandhi 2010).
Third, 8-Cl-ATP can inhibit mammalian polyadenylation a required step for transcript
function and stability (Chen and Sheppard 2004; Chen, Du-Cuny et al. 2010). Using primer
extension assays with poly(A) polymerase, 8-Cl-ATP was identified as an inhibitor of
poly(A) tail synthesis via two different mechanisms. First, in primer extension assays using
poly(A) polymerase and ATP, poly (A) tail length was reduced with increasing
concentrations of 8-Cl-ATP. Since 8-Cl-ATP itself was not incorporated into the poly(A) tail,
as demonstrated with experiments with poly(A) polymerase and 8-Cl-ATP alone, it appears
the mechanism of action is via competitive inhibition. Second, although 8-Cl-ATP was not
directly incorporated into the poly(A) tail of RNA, synthetic RNA containing 3’-terminal 8-ClAMP residues were prepared and assayed with poly(A) polymerase and ATP. These 8-ClAMP modified RNA primers could not be elongated by poly(A) polymerase, and blocked
poly(A)-tail addition. Thus, 8-Cl-ATP incorporation into RNA during transcription would
prevent the proper processing of pre-mRNA into polyadenylated mature mRNA transcripts.
The poly(A)-tail has been shown to protect mRNA from degradation, and the reduced
polyadenylation would further decrease mRNA levels in addition to the observed decrease
in transcription.
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Collectively, these observations demonstrate that 8-Cl-Ado treatment will either
inhibit or decrease mRNA synthesis. In addition, mRNA levels of short-lived transcripts will
decline. In fact, a decrease in c-Met transcript levels is observed in MM cells since this
transcript is short-lived (< 30 minutes) (Stellrecht, Phillip et al. 2007). Therefore, due its
inhibitory actions on RNA synthesis and stability, 8-Cl-Ado was selected as the agent to
combine with 17-AAG. Surprisingly, real-time RT-PCR data demonstrated that 8-Cl-Ado
was not able to inhibit the transcription of any of the stress-inducible or constitutive heat
shock protein mRNA levels (Figures 29, 30, and 31). Actually, similar to the combination of
Act D and 17-AAG, there was an induction of HSP70 mRNA level when 8-Cl-Ado and 17AAG drugs were combined (Figure 30A). As previously mentioned, HSP70 gene has some
singularities that distinguish it from the rest of the heat shock protein genes. It is primed for
rapid induction since HSP70 transcription is initiated and paused until HSF-1 relieves this
pause when the cell undergoes some kind of stress (Lis and Wu 1993). A second transcript
induced when cells were treated with the combination treatment of 8-Cl-Ado and 17-AAG
was HSP27 (Figure 31). Although this may be just specific for the sensitive cell line MM.1S
since 8-Cl-Ado treatment alone induced HSP27 transcripts by 2-fold compared to the
untreated control (Figure 31). In accordance to HSP27 mRNA levels, expression levels of
HSP27 were induced in MM.1S when cells were treated with 8-Cl-Ado alone (Figure 35). In
contrast, no induction of HSP27 mRNA for RPMI-8226 cells was measured following
treatment with 8-Cl-Ado and 17-AAG in combination or 8-Cl-Ado treatment alone (Figure
31B). Also, treatment with 8-Cl-Ado did not elevate HSP27 expression levels in either
RPMI-8226 or U266 cells (Figure 35).
Comparison of the extent of HSP70 induction when MM.1S and RPMI-8226 cells
are treated with 8-Cl-Ado followed by 17-AAG (Figure 30A) or with Act D followed by 17AAG (Figure 17A) demonstrated that there is a marked increase in HSP70 transcripts when
8-Cl-Ado is added in the combination. Studies investigating the induction of the heat shock
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protein response in Drosophila and humans have reported that a decrease in the
intracellular ATP pools stimulates the binding of HSF-1 to the HSP70 DNA promoter,
although this is not sufficient to trigger HSP70 transcription (Jurivich, Sistonen et al. 1992;
Winegarden, Wong et al. 1996). However, a second stimulus (such as 17-AAG treatment)
augments the heat shock stress response resulting in elevated induction of HSP70 mRNA
(Bagatell, Paine-Murrieta et al. 2000). One of the mechanisms by which 8-Cl-Ado exerts
cytotoxicity is through depletion of the ATP pools; hence these observations may explain
why the combination of 8-Cl-Ado followed by 17-AAG results in an increased level of
HSP70 mRNA compared to the treatments of Act D and 17-AAG in combination.
Since 8-Cl-Ado did not block the induction of any of the heat shock protein mRNA
levels, the transcript levels of several client proteins (STAT-3, Raf-1, and Akt) were
measured using real-time RT-PCR. Similar to heat shock protein transcripts, MM cells
treated with 8-Cl-Ado for 20 hours did not indicate a reduction on STAT3, Raf-1, or Akt
mRNA levels (Figures 48-50). These results suggest that the cytotoxic metabolite of 8-ClAdo, 8-Cl-ATP, is not being incorporated into the mRNA body causing termination synthesis
and is not inhibiting polyadenylation since similar mRNA levels of these clients are
measured when compared to the endogenous mRNA levels in the untreated control.
A possible explanation for the inability of 8-Cl-Ado to decrease heat shock protein or
client protein mRNA levels is that the length of the transcript could be an important feature
(Figures 29-31 and 48-50). c-Met is an oncogene whose expression promotes
tumorigenesis in multiple human cancers (Lai, Abella et al. 2009). A study using 8-Cl-Ado to
target the depletion of c-Met transcripts reported the decrease of this transcript as a
consequence, which resulted in reduced protein expression (Stellrecht, Phillip et al. 2007).
However, c-Met transcript size is 8 Kb long compared to the short-length transcripts being
analyzed in this work (Miller, Glover et al. 1996). For example, HSP70, HSP27, and Raf-1
transcript length is reported to be 2.6, 2.2, and 2.8 Kb, respectively (Hunt and Morimoto
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1985; Wu, Hunt et al. 1985; Hickey, Brandon et al. 1986; Shimizu, Nakatsu et al. 1987).
Hence, it can be possible that the probability of 8-Cl-ATP incorporating into the RNA body is
increased with long length transcript size leading to its inhibitory actions in RNA synthesis.
Finally, as described earlier for Roscovitine and other transcription inhibitors, RNA
Pol II inactivation also does not always result in transcription inhibition of some genes
(Ljungman, Zhang et al. 1999; Gomes, Bjerke et al. 2006; Dey, Wong et al. 2008).
However, in contrast to the lack of change in client protein mRNA levels, a decrease
in client protein levels is measured by immunoblot assays after MM cells are treated with 8Cl-Ado which is further reduced when combined with 17-AAG (Figures 41-47). These
results imply that the ability of 8-Cl-Ado to produce a decrease in the endogenous ATP pool
could account for the decrease in client protein levels.

Decline in ATP levels
In the cell, 8-Cl-Ado is phosphorylated by adenosine kinase to the monophosphate.
8Cl-AMP is further phosphorylated to the di- and triphosphate forms by mono- and
diphosphate kinases, respectively (Gandhi, Ayres et al. 2001). However, the diphosphate
form can also be phosphorylated to the cytotoxic 8-Cl-ATP by ATP synthase (Chen, Nowak
et al. 2009). As previously described, treatment with 8-Cl-Ado resulted in the accumulation
of the cytotoxic triphosphate 8-Cl-ATP with concomitant decrease in endogenous ATP
levels (Gandhi, Ayres et al. 2001).

ATP synthase is the enzyme responsible for

phosphorylation of 8-Cl-ADP into 8-Cl-ATP, which was demonstrated using experiments
with oligomycin, a pharmacological inhibitor of ATP synthase. This enzyme is complex V of
the respiratory chain in the mitochondria, and catalyzes the conversion of ADP to ATP.
Cells treated first with oligomycin followed by 8-Cl-Ado resulted in a decrease in the
accumulation of 8-Cl-ATP. This indicates that 8-Cl-ADP phosphorylation to 8-Cl-ATP by
ATP synthase is reduced in the presence of oligomycin. Recent studies using biochemical
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methods in combination with molecular modeling suggest that 8-Cl-ATP is an inhibitor of
ATP synthase, which accounts for the decrease in endogenous ATP. This study determined
that the di- and tri-phosphate metabolites of 8-Cl-Ado, 8-Cl-ADP, and 8-Cl-ATP,
respectively, can bind to ATP synthase and block the production of ATP from ADP.
Molecular modeling performed with 8-Cl-ADP suggests that it can occupy the ADP binding
site, allowing it to act as a substrate for this enzyme. Further modeling also indicated that
8-Cl-ATP can mimic ATP and bind to the ATP binding site in ATP synthase, thus inhibiting
its catalytic function. (Chen, Nowak et al. 2009).
A second mechanism by which 8-Cl-Ado affects ATP levels is through its
metabolism by an enzyme to succinyl-8-Cl-adenylate leading to a reduction of fumarate
levels, an intermediate in the citric acid cycle, potentially affecting the production of ATP by
oxidative phosphorylation (Dennison, Ayres et al. 2010). This study reported that mantle
cell lymphoma cell lines treated with 8-Cl-Ado lead to the formation of two metabolites,
succinyl-8-Cl-AMP and succinyl-8-Cl-Ado, through conjugation of fumarate by the enzyme
adenylosuccinase. Fumarate is a metabolite and substrate in the citric acid or Krebs cycle.
This cycle is part of the metabolic pathway that is involved in the chemical generation of
ATP, hence a perturbation in the homeostasis of this cycle (such as the depletion of one its
intermediates) may result in ATP pool depletion.
The negative effects that the metabolism of 8-Cl-Ado has on cellular ATP levels are
reproducible in different tumor models. Therefore, cytotoxic mechanism of 8-Cl-Ado is not
cell type dependent. Investigations of the cytotoxic effects in chronic lymphocytic leukemia
(Balakrishnan, Stellrecht et al. 2005), breast cancer (Stellrecht, Ayres et al. 2009), mantle
cell lymphoma (Dennison, Balakrishnan et al. 2009), and multiple myeloma (Gandhi, Ayres
et al. 2001) models have reported to find a similar accumulation of 8-Cl-ATP and parallel
depletion of the endogenous ATP pool after 8-Cl-Ado treatment.
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In accordance with these reports, the work in this dissertation demonstrate that MM
cell lines treated with 8-Cl-Ado leads to accumulation of 8-Cl-ATP and decrease in cellular
ATP levels (Table 3). Unexpectedly, treatment with 8-Cl-Ado followed by 17-AAG resulted
in a decrease of accumulation of 8-Cl-ATP compared with 8-Cl-Ado alone although a
further decline of ATP levels was observed in all cell lines. For example, in MM cells,
treatment with 8-Cl-Ado alone for 20 hours resulted in 607 µM 8-Cl-ATP accumulation
compared to 203 µM measured in the combination treatment of 8-Cl-Ado for 12 hours
followed by 17-AAG for 8 hours.
According to published literature, HSP90 is known to aid in the folding of several
proteins including oncoproteins, but is also involved in the assembly of non-oncoproteins
such as the apoptosome (Yamano, Mizukami et al. 2008). HSP90 is also needed for the
stability and maturation of cystic fibrosis transmembrane conductance regulator (CFTR)
polypeptide, which is a transporting channel that regulates passage of chloride ions (Loo,
Jensen et al. 1998). As mentioned before, the diphosphate metabolite of 8-Cl-Ado, 8-ClADP, can potentially bind to the ADP site in ATP synthase mimicking the natural substrate
resulting in its phosphorylation to 8-Cl-ATP. Since a decline in 8-Cl-ATP levels is observed
in all three MM cell lines with 17-AAG addition after 8-Cl-Ado treatment, and based on the
literature demonstrating that HSP90 participates in the maturation of large protein
complexes, it is tempting to speculate whether ATP synthase could be a client protein of
HSP90. This hypothesis could provide a mechanistic basis for the observed decrease in 8Cl-ATP levels measured in the combination treatment.
At least one study has reported via immnoprecipitation assays the interaction of
HSP90 and the subunits of ATP synthase (Papathanassiu, MacDonald et al. 2006).
However, this study did not investigate whether treatment with a known HSP90 inhibitor,
such as geldanamycin or 17-AAG, could lead to the disruption of HSP90 and the subunits
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of ATP synthase. Therefore, further experiments are needed to determine if ATP synthase
is indeed another HSP90 client protein.
Binding of 17-AAG to HSP90 hinders the chaperoning and functional conformation
of client proteins by HSP90 ultimately resulting in their proteasomal degradation (Neckers
and Neckers 2002). Endogenous ATP levels in untreated MM.1S cells are approximately 3
mM, which is decreased by more than 55% (around 1.3 mM ATP remaining in the cell) after
treatment with 8-Cl-Ado for 12 or 20 hours (Figure 51). Because intracellular ATP and 17AAG compete to bind to the ATP pocket in HSP90, it is expected that more 17-AAG will
bind to HSP90 since the natural substrate will no longer compete when cells are treated
with 8-Cl-Ado and 17-AAG in combination. A consequence of increased 17-AAG binding to
HSP90 hence could lead to an increase in degradation of client proteins (STAT3, Raf-1 and
Akt), resulting in decrease levels of these protein in the treated cells. As indicated by
immunoblot assays, a further decrease of the client protein levels was observed in all of the
sequential or simultaneous combination treatments compared to 8-Cl-Ado and 17-AAG as
single agents (Figures 42-44, 46, and 47).
Based on these results, the possibility that ATP depletion could increase binding of
17-AAG to HSP90, increasing the turn-over rate of the client proteins, was contemplated as
a potential mechanism of action by which 8-Cl-Ado and 17-AAG combination resulted in
increased cell death. For this reason, immnoprecipitations and immunoblot analyses of
radioactive [3H]17-AAG bound to HSP90 were performed in MM.1S cells for the
combination treatment compared to 17-AAG treatment alone (Figure 54). Although [3H]17AAG bound to HSP90 was successfully immunoprecipitated, results indicated that when
cells are treated with [3H]17-AAG or 8-Cl-Ado in combination with [3H]17-AAG there is no
further increase in the binding of [3H]17-AAG to HSP90. This suggests that the levels of
ATP in the cell do not affect binding affinity of [3H]17-AAG for HSP90.
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Interestingly, a study investigating the effect of ATP depletion in the stabilization of
the client protein ErbB2 by HSP90 concluded that a decrease in the levels of ATP results in
the disruption of the HSP90•ErbB2 complex and ErbB2 degradation (Peng, Guo et al.
2005). The authors of this study lowered ATP concentration in the cell by inhibiting
glycolysis and mitochondrial respiration using the pharmacological inhibitors 2-deoxy-Dglucose or antimycin A, respectively. They concluded that depletion of cellular ATP levels
alters stabilization and maturation of ErbB2 by HSP90, and this depletion of the client
protein ErbB2 was similar to the one obtained when cells were treated with geldanamycin.
A similar decrease in protein levels was observed for the other two client proteins evaluated
in this study, Raf-1 and Akt, following ATP depletion due to treatment with 2-deoxy-Dglucose or antimycin A. This indicates that a decrease in cellular ATP concentration mimics
the mechanism by which HSP90 inhibitors cause cytotoxicity in the cell. Hence, the
decrease of client proteins levels observed with 8-Cl-Ado treatment alone could be a result
of its effect in ATP depletion. This possibility is more noticeable when comparing treatment
of U266 cells with 17-AAG and 8-Cl-Ado as single agents for 20 hours (Figure 47). A similar
decrease in STAT3, Raf-1 and Akt protein levels was determined for both treatments.
Hence, this could provide an explanation of why the combination treatment leads to further
decrease in client protein levels.
In addition to the effect that the combination of 8-Cl-Ado and 17-AAG had on heat
shock proteins and client proteins, the levels of the antiapoptotic glucose-regulated protein
chaperones in the endoplasmic reticulum were also evaluated. It has been reported that
HSP90 inhibitors in MM cells can activate the unfolded protein response (UPR) in the
endoplasmic reticulum leading to the induction of GRP78 and GRP94 chaperones in this
organelle, which are HSP70 and HSP90 homologues, respectively (Davenport, Moore et al.
2007). This study used high concentrations of 17-AAG (5 µM) for an incubation period of 24
hours, which might account for the measured induction of GRP chaperones. In contrast to
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this, the work in this dissertation treated MM cells with 0.5 µM 17-AAG for 8 hours and
immunoblot assays indicate that no induction of GRP78 or GRP94 expression occurred at
these specific conditions (Figure 39 and 40). In addition, metabolic perturbation (such as
glucose deprivation) is a strong inducer of the stress response in the endoplasmic
reticulum, although is not known to what extent ATP depletion accounts for this effect
(Schroder 2008).

Based on immunoblot assays analyzing for GRP78 and GRP94 in

MM.1S cells treated with 10 µM 8-Cl-Ado for 20 hours, there is not elevation of these
protein levels (Figures 39 and 40). This suggests that a decrease of ATP levels by 56% due
to treatment with 8-Cl-Ado for 20 hours (Figure 51) does not trigger the endoplasmic stress
response which leads to the induction of cytoprotective GRP78 and GRP94 proteins.
Furthermore, GRP protein induction is not detected when both 8-Cl-Ado and 17-AAG are
combined.

Protein synthesis and ATP depletion
The decrease in client protein levels in the different combination treatments with 8Cl-Ado and 17-AAG could also be due to the effect that 8-Cl-Ado treatment has on ATP
depletion, which could ultimately affect protein translation. Hence, an additional mechanism
by which 8-Cl-Ado could be leading to decreased client protein levels is by negatively
affecting protein synthesis. Thus, the observed decrease in STAT3, Raf-1 and Akt client
protein levels may be also a result of decreased protein translation since no change was
detected for any of the client protein mRNA levels when compared to the untreated controls
(Figures 48-50).
Protein translation is regulated when the cell undergoes some kind of stress that
perturbs homeostasis, and the mTOR (mammalian target of rapamycin) pathway is
sensitive to changes in cellular ATP levels (Dennis, Jaeschke et al. 2001). 4E-BP1
regulates translation, and its activity is in turn regulated by the upstream serine/threonine
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kinase mTOR (Gingras, Kennedy et al. 1998). The translation repressing activity of 4E-BP1
is regulated by phosphorylation at 4 specific amino-acid residues (Gingras, Kennedy et al.
1998; Gingras, Raught et al. 2001). In its hypophosphorylated state, 4E-BP1 represses
initiation of translation by binding to the eukaryotic initiation factor 4E (eIF4E) (Gingras,
Kennedy et al. 1998). In contrast, hyperphosphorylation of 4E-BP1 by upstream kinases
such as mTOR results in the release of eIF4E allowing translation initiation (Gingras,
Raught et al. 2001).
Negative regulation of the mTOR pathway can occur due to factors such as cellular
starvation, resulting in hypophosphorylation of 4E-BP1 (Dennis, Jaeschke et al. 2001). The
decrease in cellular ATP levels ultimately leads to inhibition of mTOR kinase activity, thus
rending it unable to phosphorylate 4E-BP1. As a result, 4E-BP1 remains bound to eIF4E,
inhibiting translation initiation (Gingras, Raught et al. 2001).
Due to the effect of 8-Cl-Ado on the ATP levels in the cell, the phosphorylated status
of 4E-BP1 was evaluated. A time-course experiment in MM.1S cells treated with 8-Cl-Ado
followed by immunoblots assays analyzing for 4E-BP1 phosphorylation status indicated that
treatment with 8-Cl-Ado results in hypophosphorylation of 4E-BP1 (Figure 55A) as
compared to the positive control (starvation of MM.1S cells for 12, 24, 48 and 72 hours;
Figure 55B). The hypophosphorylated status of 4E-BP1 could initially be attributed to the
decrease in ATP concentration. This in principle could decrease kinase activity as a result
of substrate availability. However, a study reported that a decline in ATP does not result in
a global decrease in protein phosphorylation (Ghias, Ma et al. 2005). Additionally, in U266
cells treated with 8-Cl-Ado and 17-AAG in sequential or simultaneous combination,
immunoblot analysis of 4E-BP1 expression indicated further hypophosphorylation of this
protein compared to treatment with the drugs as single agents (Figure 56). Therefore,
further studies addressing the effect of 8-Cl-Ado alone and in combination with 17-AAG on
4E-BP1 and global protein translation are needed.
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As previously mentioned, the sequential and simultaneous combination of 8-Cl-Ado
and 17-AAG results in further decrease of client protein levels compared to the agents
alone. The ribosomal protein S6 (rpS6) is involved in the translation of mRNAs that encode
for ribosomal proteins and translation regulators (Meyuhas 2000). Interestingly, rpS6 is a
client protein of HSP90, meaning that pharmacological inhibition of HSP90 would render
this chaperone unable to stabilize rpS6 leading to its proteasomal degradation (Kim, Jang
et al. 2006). Based on this, it is possible that addition of 17-AAG in the combination
treatment could also potentially inhibit global translation to some extent besides resulting in
the proteasomal degradation of client proteins.
Although the mechanism by which 8-Cl-Ado treatment leads to hypophosphorylation
of the translation repressor 4E-BP1 was not elucidated in this current study, this negative
effect on the translation process could be another potential mechanism by which treatment
with 8-Cl-Ado affects protein translation.

In summary, the mechanism-based combination of transcription/translation inhibitors
that cause ATP depletion could be used in combination with 17-AAG as a strategy to either
abrogate heat shock protein induction or decrease client protein levels resulting in increase
cytotoxiciy. The agents evaluated in this investigation are either approved drugs or in
clinical trials. Hence, these approaches may be applied in the clinic towards the design of
new drug combination strategies to target either the induction of cytoprotective heat shock
proteins or further decrease client oncoprotein levels.
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